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Abstract 
This research program aims to investigate the combining effect of crumb rubber (CR) and 
synthetic/metal fibers (SFs/MFs) in the development of concrete suitable for structural 
applications subjected to monotonic and cyclic loading. The research also aims to 
overcome the challenge of optimizing the strength and stability of self-consolidating 
concrete (SCC) containing CR and SFs/MFs. Five comprehensive experimental studies 
were conducted on both small-scale and large-scale concrete samples to meet the research 
objectives. The first study aimed to develop and optimize a number of successful self-
consolidating rubberized concrete (SCRC) and synthetic fiber SCRC (SFSCRC) mixtures 
with a maximized percentage of CR and minimized reduction in strength. The variables in 
this study included various supplementary cementing materials (SCMs) specifically 
metakaolin (MK), silica fume (SLF), fly ash (FA), and ground granulated blast-furnace 
slag (GGBS), different binder contents (500, 550, and 600 kg/m3), varying percentages of 
CR (0% to 30%), different types of SFs specifically micro-synthetic fibers (MISFs), and 
macro-synthetic fibers (MASFs), different lengths of SFs (19mm, 27mm, 38mm, 50mm, 
and 54mm), and different SFs volume fractions (0%, 0.2%, and 1%). 
The second and third studies evaluated the flexural and shear behavior of large-scale 
reinforced concrete beams made with SCRC, vibrated rubberized concrete (VRC), 
SFSCRC, and synthetic fiber VRC (SFVRC).  
The fourth study investigated the structural performance of rubberized beam-column 
joints reinforced with SFs/MFs under reverse cyclic loading. This study consisted of three 
stages: the first stage contained a total of six SCRC mixtures selected to cast six beam-
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column joints with varied percentages of CR (0-25%). The second stage included eight 
rubberized concrete mixtures with different coarse aggregate sizes and different MFs 
lengths and volumes selected to pour eight beam-column joints to be tested under cyclic 
loading. The third stage contained seven rubberized concrete beam-column joints 
reinforced with different types, lengths, and volumes of SFs to be tested under cyclic 
loading. 
The fifth study evaluated the cyclic behavior of engineering cementitious composite 
(ECC) beam-column joints made with different percentages of CR, different SCMs, and 
different sand types. In this study a total of eight beam-column joints were cast and tested 
under reverse cyclic loading. 
The main results drawn from the first study indicated that the addition of SFs reduced the 
fresh properties, which limited the maximum percentage of CR that could be used in 
SCRC mixtures to 20%, compared to a 30% maximum percentage of CR used in 
developing successful SCRC mixtures without SFs. However, using SFs in SCRC 
mixtures increased the impact resistance and appeared to alleviate the reduction in 
splitting tensile strength (STS) and flexural strength (FS) that resulted from adding CR.  
The main results of the flexural testing conducted in study 2 indicated that using MISFs 
slightly enhanced the deformability, flexural stiffness, ductility, energy absorption, first 
cracking moment, and bending moment capacity, while this enhancement significantly 
increased when MASFs were used. Combining high percentage of MASFs (1%) with 
high percentage of CR (30%) compensated for the reduction in the bending moment 
capacity that resulted from using high percentage of CR, and helped to develop semi-
lightweight concrete beams. 
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The inclusion of CR in study 3 negatively affected the ultimate shear load, post-diagonal 
cracking resistance, and first cracking moment of the tested beams while it improved the 
deformation capacity, self-weight, and cracking pattern. Combining CR with MISFs or 
MASFs, further improved the deformation capacity, self-weight, and narrowed the crack 
widths of the tested beams. The results of this study also indicated that the use of a 
relatively higher percentage of fibers (1% compared to 0.2%) in VRC beams significantly 
compensated for the reduction in shear strength resulting from a high CR percentage 
(30%). 
The results of the fourth study revealed that the optimum percentage of CR to be used in 
beam-column joint mixtures is 15%. Although using this percentage slightly reduced the 
load carrying capacity, it greatly enhanced the ductility, brittleness index, deformability, 
and energy dissipation. The results also revealed that using MISFs slightly improved the 
structural performance of beam-column joints, while using MASFs had a significant 
effect on enhancing the load carrying capacity, ductility, stiffness, and energy dissipation 
of tested joints.  
The main results of the fifth study reported that increasing the percentage of CR up to 
15% significantly increased the deformability, cracking behavior, ductility, and energy 
dissipation of ECC joints, while the initial stiffness, first crack load, and ultimate load 
were decreased.  
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1 Introduction 
1.1 Background and research motivation 
A large amount of waste solid materials has been generated due to worldwide 
industrialization and technological innovation. About 1.5 billion tires per year are 
discarded, as a result of ineffective recycling of waste tires which leads to environmental 
pollution. Many studies have investigated the reuse of waste tire rubber as a partial 
replacement for aggregate in concrete. The rubber material itself has high durability and 
elasticity that can compensate for the limited properties of concrete in the areas of 
elasticity and capacity to absorb energy (wang et al., 2000). Also, the low density of 
rubber aggregate compared to conventional aggregate can significantly contribute to the 
development of semi-lightweight and lightweight concrete (Batayneh et al., 2008), which 
helps to reach a more economical design (Najim and Hall, 2010). However, using rubber, 
in general, has a negative effect on the fresh properties of self-consolidating concrete 
(SCC) mixtures. Previous researchers report that the low density of crumb rubber (CR) 
encourages CR particles to float towards the concrete surface, thus increasing the risk of 
segregation (Topcu and Bilir, 2009; Güneyisi, 2010). The addition of rubber also has a 
significant effect on the mechanical properties of concrete. Many studies report that 
compressive strength, splitting tensile strength (STS), and flexure strength (FS) decreased 
as CR content increased. This reduction in the mechanical properties with higher 
percentages of CR may be attributed to; (i) the lower modulus of elasticity for rubber 
particles compared to hardened cement paste, which may encourage precocious cracking 
around the rubber particles under loading (Najim and Hall, 2012; Lijuan et al., 2014), (ii) 
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the poor strength of the interface between the rubber particles and surrounding mortar, as 
observed by other researcher (Onuaguluchi, 2015; Najim and Hall, 2013).To alleviate the 
reduction in the fresh and mechanical properties that resulted from using CR, 
supplementary cementing materials (SCMs) have been used. Metakaolin (MK) is one of 
the most effective SCMs at improving the viscosity of SCC mixtures, which in turn 
improves the aggregates’ suspension in the mixture and reduces the risk of segregation. In 
addition, the high pozzolanic reactivity of MK can compensate for the reduction in the 
mechanical properties of concrete that results from the use of rubber (Hassan et al., 2010). 
Further compensations for the weakened tensile and flexural strengths resulting from 
rubber can be achieved by adding fibers; the bridging mechanism of fibers significantly 
helps restrict the development of cracks, thus increasing the ability of concrete to endure 
higher stress. Moreover, including fibers in concrete was found to increase its toughness, 
ductility, and impact resistance (Grabois et al., 2016; Yap et al., 2014; Hamoush et al., 
2010). Among the different types of fibers, metal fibers (MFs) and synthetic fibers (SFs) 
have received much attention and become widely used. In the studies conducted, the 
improvement in tensile strength of concrete appeared to be more pronounced when MFs 
were used. However, the low density of the SFs further decreases the self-weight of 
concrete. In addition, the SFs have no tendency to corrosion (Jun et al., 2016), which 
extends their possible applications.  
Meanwhile, in large-scale testing, most of the structural elements such as beam-column 
joints require high ductility and energy absorption capacity to ensure appropriate design 
of the structure. These joints are considered one of the most important locations in framed 
structures designed for resisting lateral loads such as earthquakes, which impact the 
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overall structure integrity (Ganesan et al., 2007). Designers have paid a great deal of 
attention to providing sufficient ductility in beam-column joints in order to prevent 
sudden collapse of structures (Bindhu and Jaya, 2010). Using closely spaced stirrups in 
beam-column joints helps to provide a ductile failure when the joints are subjected to 
reverse cyclic loading (BIS, 1993). However, using closely spaced stirrups usually forms 
congested areas and interrupts the flowability and compaction of concrete within the 
joint. Previous studies also indicated that using rubber particles in concrete appeared to 
improve the strain capacity, energy dissipation, deformability, and impact resistance 
(Najim and Hall, 2012; Zheng et al., 2008; Al-Tayeb et al., 2013). The use of rubber 
particles in concrete can also help to enhance the ductility and reduce brittle failure. This 
can be attributed to the elastic nature of rubber particles that can tolerate large elastic 
deformations before failure (Ganesan et al., 2013). 
Although using self-consolidating rubberized concrete (SCRC) mixtures in beam-column 
joints has potential benefits, such as improved ductility, energy absorption, and strain 
capacity, the development of rubberized concrete mixtures must take into account the 
possible reductions in the mechanical properties and shear strength of such mixtures. 
Several studies show that using a high percentage of CR reduced the shear strength of 
concrete (Ismail and Hassan, 2017; Hall and Najim, 2014). Adding fibers to SCRC 
mixtures can help to compensate for the reduction in the mechanical properties that result 
from using rubber particles and combine the beneficial effect of CR with the desired 
properties of fibers, achieving a better structural performance of concrete elements.  
Despite the potential difficulties in optimizing the fresh properties of SCC with CR and 
fibers, developing such composites is increasingly needed in order to produce new types 
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of concrete with higher ductility, impact resistance, and energy absorption. For this 
reason and because of the lack of information regarding the effect of combining CR 
particles with SFs on the structural performance of large-scale concrete elements, this 
research aims to develop and optimize a number of SCRC and synthetic fiber self-
consolidating rubberized concrete (SFSCRC) mixtures with different types, lengths, and 
volumes of SFs and maximized percentage of CR. This research focuses on the structural 
performance of beam-column joints subjected to reverse cyclic loading, in addition to the 
flexural and shear behavior of full-scale reinforced concrete beams developed with the 
optimized mixtures. 
1.2 Research objectives and significance 
Although the literature includes extensive studies that have investigated the effects of 
using CR as a replacement for fine and coarse aggregate in concrete mixtures, there is a 
lack of data available regarding the combining effect of SFs with CR on the fresh and 
mechanical properties of SCRC, especially when different types, lengths, and volumes of 
SFs are used. On the other hand, most of the conducted research has been carried out on 
small-scale specimens such as cubes, cylinders, and prisms; however, full-scale testing is 
significantly lacking.  
The research conducted in this thesis aimed to develop a number of successful SCRC and 
SFSCRC mixtures with maximized percentage of CR and minimized reduction in 
mechanical properties. Various SCMs, and different types, lengths, and volumes of SFs 
were used in order to achieve the research objectives. The research also aimed to 
determine the optimum percentages of CR that can be used to minimize the degradation 
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in load carrying capacity and maximize the ductility, energy dissipation, crack resistance, 
and deformation capacity of beam-column joints when subjected to reverse cyclic 
loading. This study also aimed to investigate the effects of combining different SFs types, 
lengths, and volumes with maximized percentages of CR on enhancing the structural 
performance of beam-column joints subjected to reverse cyclic loading. Moreover, the 
research focuses on enhancing the flexural and shear behavior of rubberized concrete 
reinforced beams by using different SFs types, lengths, and volumes.  
1.3 Scope of research 
This research includes five consecutive experimental studies conducted on small and 
large-scale concrete samples. The first study was conducted on a material level (small-
scale samples such as cylinders and prisms) to optimize SCRC mixtures with a maximum 
percentage of CR and minimum reductions in the fresh and mechanical properties. In 
addition, the combined effect of CR and different types, lengths, and volumes of fibers on 
the fresh and mechanical properties were evaluated in this study. In the first study, two 
stages were investigated. The first stage includes 16 rubberized concrete mixtures with 
different types of SCMs, and different binder content. The second stage consists of 31 
mixtures developed with different percentage of CR, different types, lengths, and volumes 
of fibers. This stage particularly evaluated the advantages that can be obtained from 
adding different types of fibers in rubberized concrete mixtures. The addition of fibers not 
only compensated for the reductions in mechanical properties that resulted from using CR 
but also contributed to providing further enhancement in the impact resistance and 
cracking behavior of concrete samples. In both stages, the fresh properties of SCRC/fiber 
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reinforced SCRC (FRSCRC) were evaluated as per the criteria given by European 
guidelines for SCC (EFNARC, 2005). In addition, the behavior of mixtures in the 
hardened state was evaluated by testing the compressive strength, STS, FS, ME, and 
impact resistance (cylinders and prisms).  
The second and third studies were carried out on selected mixtures optimized from study 
1. The second study evaluated the flexural behavior of 12 large-scale rubberized concrete 
beams reinforced with different types, lengths, and volumes of SFs. The behavior of the 
tested beams was assessed based on the load-deflection response, cracking behavior, first 
cracking moment, ultimate moment, ductility, and energy absorption. The performance of 
some design codes was evaluated in predicting the first cracking moment of tested beams. 
The third study investigated the shear behavior of 12 large-scale rubberized concrete 
beams reinforced with different types, lengths, and volumes of SFs and without 
transversal reinforcement. The combined effect of CR with SFs was evaluated based on 
cracking behavior, shear capacity, post diagonal cracking resistance, and energy 
absorption of tested beams. 
The fourth and fifth studies were conducted to investigate the structural behavior of 
different types of rubberized concrete beam-column joints (SCRC, vibrated rubberized 
concrete (VRC), rubberized ECC) and rubberized beam-column joints reinforced with 
different types of fibers under reversed cyclic loading. The fourth study includes three 
stages: the first stage investigated six rubberized concrete beam-column joints with 
different percentage of CR. The optimum percentage of CR was obtained in the first 
stage. The second stage investigated eight rubberized beam-column joints with different 
coarse aggregate size and different lengths and volumes of MFs. The combined effect of 
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CR and MFs on the cyclic behavior of beam-column joints was considered in this stage. 
The third stage investigated seven rubberized beam-column joints with different types, 
lengths, and volumes of SFs. The combined effect of CR with SFs on the behavior of 
beam-column joints was evaluated in this stage. The fifth study investigated the cyclic 
behavior of eight ECC beam-column joints with different percentage of CR, different 
SCMs, and different fine aggregate types. In the fourth and fifth studies the structural 
behavior of beam-column joints under reverse cyclic loading was assessed based on the 
envelope load-deflection curve, the rate of strength and stiffness degradation, mode of 
failure, cracking behavior, ductility, brittleness index, energy dissipation, first crack load, 
and load carrying capacity. 
1.4 Thesis outline 
The thesis consists of nine chapters described as follows: 
Chapter 1 presents the background, motivation, objectives, significance, and scope of the 
research completed in this thesis. 
Chapter 2 presents a review of the literature pertaining to rubber aggregate 
manufacturing, synthetic fibers types and manufacturing, effect of rubber aggregate on 
concrete properties, and effect of combining synthetic fibers and rubber on concrete 
properties. 
Chapter 3 describes the experimental program including the material used, significance 
and scope of each study, studied parameters, mixing and pouring procedures, description 
of the tested specimens, curing regimes, and test setup. 
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Chapter 4 presents the results of the first study regarding the use of SFs/MFs to optimize 
the fresh properties, stability, and strength of SCRC mixtures with different binder 
content and SCMs. 
Chapter 5 discusses the results of the second study evaluating the flexural behavior of 
large scale rubberized concrete beams reinforced with SFs. 
Chapter 6 presents the results and discussions of the finding observed in the third study 
which investigated the shear performance of large-scale rubberized concrete beams 
reinforced with SFs. 
Chapter 7 discusses the results obtained from the fourth study regarding the structural 
behavior of rubberized concrete beam-column joints with/without MFs/SFs under 
reversed cyclic loading. 
Chapter 8 presents the discussions of the results obtained from study 5 which evaluated 
the cyclic performance of ECC beam-column joints with different percentage of CR, 
various SCMs, and different sand types. 
Chapter 9 contains the conclusions drawn from the conducted studies, research 
contribution, and recommendations for future works. 
1.5 Limitations of research 
All the results obtained from this research were typically affected by the properties of the 
used materials. Therefore, changes in the physical and/or chemical properties of any of 
the coarse aggregate, fine aggregate, cement, SCMs, admixtures, CR, MFs, and SFs can 
affect the mixtures’ properties in the fresh and hardened states. In the structural studies 
(study 2, 3, 4, and 5), comparative investigations were conducted to evaluate the 
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combined effect of CR with MFs/SFs on the shear, flexural, and cyclic performance of 
reinforced concrete beams/beam-column joints neglecting the effect of changing in the 
specimens’ size, longitudinal reinforcement ratio, and shear span-to-effective depth ratio. 
At materials and structural level, all tests were conducted based on the available facilities 
in Memorial University’s labs. However, in some tests, such as the impact test, using 
advanced instruments may result in better measurements with further details. Also, in 
cyclic load test the available testing frame limits the dimensions of concrete specimens 
that can be tested to one third of full-scale concrete joint. 
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2 Literature review 
2.1 Introduction 
The objective of this chapter is to present a review of available literature studies that 
relate to the scope of the work conducted in this thesis. This chapter also aims to reveal 
the areas where knowledge about the behavior of rubberized concrete is lacking, 
especially, when different types, lengths, and volumes of fibers are used. This chapter is 
divided into five main parts: I) rubber particle types, manufacturing, and usage; II) effect 
of CR on the fresh, mechanical, and structural performance of SCC and vibrated concrete 
(VC); III) synthetic fiber types, manufacturing, and usage; IV) effect of SFs on the fresh, 
mechanical, and structural performance of SCC and VC) engineering cementitious 
composites.   
2.2 Rubber aggregate manufacturing: types and usage 
Since rubber materials are not easily biodegradable, the disposal of discarded tires has 
become a significant environmental problem (Sadek and El-Atttar, 2014). The 
accumulation of disposed tires which reaches up to more than 303 million tires per year in 
the US compounds the problem (Pelisser et al., 2011; Thomas et al., 2014). In order to 
dispose of worn-out tires unacceptable techniques are commonly used. These include 
burning and stockpiling in landfills. These techniques are responsible for a series of 
environmental problems including air pollution as well as the contamination of soil and 
water which result from the toxic fumes that are released when discarded tires are burned 
(Garrick, 2005; Turer, 2012; Eldin and Senouci, 1994). In addition, storing waste tires in 
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landfills provides a breeding medium for mosquitoes and other pests, which can spread 
many diseases (Mohammed et al., 2012; wang et al., 2013; Thomas et al., 2015). One 
effective technique for using a huge volume of waste tires is the utilization of rubber, 
derived from scrap tires, in civil engineering applications, such as concrete production. 
Incorporation of rubber particles in concrete helps to develop eco-friendly buildings and 
encourages the concept of sustainable production (Su et al., 2015). Moreover, the low 
density of rubber particles can contribute to the development of semi-lightweight and 
lightweight concrete, which helps to achieve more economical designs (Najim and Hall, 
2010; Batayneh et al., 2008). Manufacturing rubber aggregate from waste tires is usually 
carried out in one of two ways: the ambient temperature method or the cryogenic 
processing method. The ambient temperature method is commonly used in the industry. 
In this method the scrap tire is cut into small pieces using a granulator and cracker mills. 
In the cryogenic processing method, the scrap tires are frozen in liquid nitrogen up to the 
temperature of glass transition (-70° C for rubber) in order to change the behavior of 
rubber from elastic to brittle. After reaching the temperature of glass transition, the rubber 
tires are crushed using automatic hammers. In both methods, the steel wires in the tires 
are extracted by applying a magnetic field to separate the rubber particles (Nagdi, 1993; 
Leyden, 1991).   
Sherwood (1995) stated that the texture and shape of the rubber aggregate can affect the 
properties of the developed concrete. Previous researches also indicated that the rubber 
particles produced from the cryogenic method are more efficient than those produced 
from the ambient method. This is because the rubber particles produced by the cryogenic 
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method have a more acceptable geometric shape and there is no steel fabric blended with 
the particles (Eldin and senouci, 1993). 
Rubber aggregates can be classified into three types based on the aggregate sizes (Figure 
2-1): 
• Shredded rubber aggregate: the size of this rubber is equivalent to the size of 
coarse aggregate. This rubber is usually used as a partial replacement of coarse 
aggregate. Using this type of rubber in concrete has been proven to increase the 
air content in the mixture. This may be attributed to the rough surface of the 
particles and their tendency to repel water and entrap air (Siddique and Naik, 
2004; Khaloo et al., 2008). 
• Crumb rubber: this type of fine rubber aggregate has a size which ranges from 
0.425mm to 4.75mm and is usually used as a partial replacement of fine 
aggregate. 
• Ground rubber (powder rubber): The particle size of this aggregate passes through 
sieve No. 40 (0.425mm). Several previous studies attempted to use this ground 
rubber in asphalt and polymer modified bitumen. Other studies used this type of 
rubber as a partial replacement of fine aggregate in SCRC mixtures (Hernandez-
Olivares et al., 2002; Ganjian et al., 2009). 
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Figure 2-1 Rubber particle classification (a) shredded rubber, (b) crumb rubber, (c) 
powder rubber (Najim 2012) 
2.3 Effect of CR on fresh, mechanical, and structural performance of SCC and VC  
2.3.1 Fresh properties 
The addition of CR to VC mixtures showed a negative impact on the flowability of the 
mixture. This may be attributed to the rough texture of the rubber aggregate, which can 
increase the friction between particles (Reda Taha et al., 2008, Khatib and Bayomy, 1999; 
Nehdi and Khan, 2001; Batayneh et al., 2008; Fattuhi and Clark, 1996). Youssf et al. 
(2014) reported that the reduction in the workability that results from using CR can be 
compensated for by increasing the dosage of HRWRA. Using shredded rubber or 
combining shredded rubber with CR as partial replacement of aggregate showed a higher 
reduction in the workability compared to using CR alone (Khaloo et al., 2008; Reda Taha 
et al., 2008). Adding CR to VC mixtures also showed an increase in the air content of the 
mixtures as reported by Naito et al., (2014). Reda Taha et al., (2008) also reported that the 
high compressibility of rubber particles may exhibit an artificial amount of air, which 
results in a misleading measurement (Naito et al., 2014).   
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Similarly, using CR in SCC showed negative effects on the fresh properties of the 
mixtures. Bignozzi and Sandrolini (2006) studied the effect of adding 0%, 22%, and 33% 
of CR as partial replacements of fine aggregate (by volume). Their study indicated that 
increasing the percentage of CR in concrete increased the amount of superplasticizer 
required to develop successful SCC mixtures. Güneyisi (2010) observed that increasing 
the rubber content caused an increase in T50, V-funnel flow times, and viscosity, but using 
rubber and fly ash (FA) together reduced the viscosity of the mixture. Topçu and Bilir 
(2009) reported that the inclusion of rubber in SCC mixtures showed a higher risk of 
segregation. They also found that the optimum amount of CR (< 4mm) for the fresh and 
mechanical properties of SCRC was 8% replacement.  
2.3.2 Mechanical properties 
Based on previous literature utilizing rubber in concrete has a negative effect on the 
mechanical properties of concrete in areas such as compressive strength, STS, and FS 
(Gupta et al., 2015; Al-Tayeb et al., 2012; Najim and Hall, 2010; Su et al., 2015; Aiello 
and Leuzzi, 2010; Karahan et al., 2012). For instance, Batayneh et al. (2008) reported that 
the compressive strength of the VRC mixture decreased by 90% when 100% of fine 
aggregate was replaced by CR. Al-Tayeb et al. (2012) also observed that compressive 
strength, STS, and ME were decreased by 20%, 16.7%, and 22%, respectively, when 20 
% CR was used as a partial replacement of fine aggregate. Another study conducted by 
Onuaguluchi et al. (2014) showed 40%, 35%, and 29.3% reductions in compressive 
strength, STS, and ME, respectively, when 15% CR was used. With regard to SCRC 
mixtures, Karahan et al. (2012) stated that using 30% CR as a partial replacement of fine 
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aggregate decreased the compressive strength, STS, and FS by 53.3%, 22.9%, and 35.6%, 
respectively. The reductions in the mechanical properties that resulted from using CR 
may be attributed to: i) the low stiffness of CR compared to the other mixture 
components, which makes the rubber particles act as large pores and in turn reduces the 
effective cross-section (Khaloo et al., 2008); ii) the rough texture of CR particles, which 
entraps air at the surface (Reda Taha et al., 2008), thus reducing the strength of the 
mixture; iii) the poor strength of rubber-mortar interface (Najim and Hall, 2010), which 
encourages the initiation and propagation of microcracks.  
Several trials have been proposed by researchers to alleviate the reductions in the 
mechanical properties that resulted from using CR. One of these trials is to use 
supplementary cementing materials (SCMs). Silica fume (SLF) is considered one of the 
most effective SCMs to improve the mechanical properties (especially the compressive 
strength) of the mixture due to its high pozzolanic reactivity (Monteiro et al., 2012; 
Barluenga et al., 2013). Adding SLF also appears to improve the impact resistance of 
concrete and increases the adhesion between aggregate and cement paste in concrete 
mixtures (Massoud et al., 2003; Nili and Afroughsabet, 2010). Sohrabi and Karbalaie 
(2011) reported that the addition of SLF in VRC fills the nanometric voids in cement 
mortar, producing a denser structure and in turn, increasing the compressive strength. 
Guneyisi et al. (2004) observed that using SLF in VRC appeared to increase the modulus 
of elasticity, but this increase was less than the increase of the compressive strength.  
MK is considered one of the best SCMs to improve the viscosity of SCC mixtures. MK 
improves the aggregates’ suspension in the mixture and reduces the risk of segregation 
(Cyr and Mouret, 2003; Hassan et al., 2010). MK was also proven to increase the 
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mechanical properties of SCRC. For example, Ismail and Hassan (2016) observed that 
using 20% MK in SCRC mixtures improved the compressive strength, STS, FS, and 
modulus of elasticity by an average of 49.2%, 17%, 14.6%, and 24.9% when the CR 
increased from 20% to 40%. Ganesan et al. (2013) found that pre-treating the rubber 
particle surface with polyvinyl alcohol enhances the bond between rubber particles and 
cement mortar which consequently improves the mechanical properties of the mixture. 
Segre and Joekes (2000) also concluded that treating the rubber particle surface with 
sodium hydroxide (NaOH) enhances the rubber adhesion with the cement paste. 
However, other researchers disagree with surface treatment techniques and conclude that 
the surface treatment of rubber particles does not significantly affect the compressive 
strength or STS of rubberized concrete when compared to untreated composites (Albano 
et al., 2005; Khaloo et al., 2008).  
2.3.3 The effect of CR in enhancing the impact resistance and structural 
performance of concrete 
Concrete is a brittle material with low strain capacity, energy absorption, and impact 
resistance (Wang et al., 2000). The inclusion of a elastic material like rubber particles in 
concrete can help to alleviate the brittleness and contribute to the enhancement of the 
flexibility and energy absorption of concrete (Zheng et al., 2008; Al-Tayeb et al., 2013; 
Najim and Hall, 2012; Rahman et al., 2014). Using rubber particles can also provide an 
eco-friendly alternative to the disposal of worn-out tires in landfills (Pelisser et al., 2011; 
Thomas et al., 2014). Several studies have investigated the effect of CR on the properties 
of concrete in small-scale testing (such as cylinders, prisms, and cubes). These studies 
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indicate that the inclusion of CR particles appears to enhance the strain capacity, damping 
ratio, and reduce the self-weight (Najim and Hall, 2012; Rahman et al., 2014). The 
resistance of concrete to abrasion, freezing-thawing action, and acid attack was also found 
to increase with the inclusion of rubber (Gesoğlu et al., 2014; Thomas et al., 2015; 
Thomas et al., 2016). Reutilization of CR in concrete mixtures also plays an important 
role in enhancing the impact resistance of concrete. Gupta et al. (2015) investigated the 
replacement of fine aggregate with waste rubber up to 25% by volume in mixtures with 
different water-to-cement ratios. They found that the inclusion of rubber greatly improved 
the impact absorption energy of VRC by an average of three times compared to concrete 
without rubber. Reda Taha et al. (2008) reported similar results in small prism VRC 
samples, in which the CR was used as a replacement for fine aggregate with percentages 
varied from 0% to 100% in increments of 25% (by volume). This investigation indicated 
that despite the reduction in the compressive strength, using a 50% CR replacement could 
achieve the maximum impact energy, while the beams with 75% CR exhibited impact 
energy mostly equal to the control mixture (CR = 0%). Furthermore, in large scale 
testing, a limited number of studies have investigated the effect of CR on the structural 
performance of large-scale reinforced concrete elements. For example, Yousef et al. 
(2015) studied the effect of using 20% CR on the seismic performance of column-base 
connections. Their results indicated that using CR enhanced the hysteretic damping ratio 
and energy dissipation of column-base connections. A similar effect of CR was observed 
by Sadek and El-Attar (2014), in which the rubber-cement bricks showed high toughness 
and deformation capacity compared to their counterparts made with conventional 
concrete. Ismail and Hassan (2015) studied the flexural behavior of reinforced concrete 
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beams incorporating CR up to a 50% replacement (by fine aggregate volume). They 
observed that adding up to 20% CR showed an improvement in the ductility and energy 
absorption capacity of tested beams, while further increasing the CR content led to a 
general decay in the behavior of tested beams. The use of rubber particles in concrete can 
also help to enhance the ductility and reduce the brittle failure. This can be attributed to 
the elastic nature of rubber particles that can present large elastic deformations before 
failure (Ganesan et al. 2013). Previous research has shown that using crumb or shredded 
rubbers as partial replacements of fine or coarse aggregate in concrete mixtures appeared 
to enhance the ductility and deformability of concrete (Zheng et al., 2008; Hall and 
Najim, 2014). This allows higher energy dissipation in the beam-column joint under 
cyclic loading and promotes ductile failure.  
2.4 Synthetic fibers 
SFs are normally made of a number of different polymer materials. SFs can be classified 
in two types: i) low modulus fibers such as polyethylene, nylon, polyester, polyolefin, and 
polypropylene; and ii) high modulus fibers such as carbon, PVA, and Kevlar. By 
reviewing the literature, it can be observed that the fibers with higher modulus of 
elasticity contribute to increasing the strength of concrete (Bentur, 2007). However, 
although polypropylene fibers have low modulus of elasticity, they tend to be the most 
extensive fibers used in comparison to all other types of SFs (Bentur, 2007).  
Polypropylene fibers have an advantage of being formed into various shapes and sizes 
and have different surface finishes (Wang et al., 1987), which improves the bond strength 
between the fibers and cement matrix (Choi et al., 2012). Polypropylene fibers can also 
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be fabricated at low cost, have a high alkalis resistance, no tendency to corrosion, and 
remain stable in a cementitious composite over the service life (Wang et al., 1987; Jun et 
al., 2016; Richardson, 2005; Mu et al., 2002).  
Recent studies proposed surface treatment to enhance the bond capacity of polypropylene 
fibers in fiber reinforced concrete. For example, Zhang et al. (2000) observed that the 
flexural behavior and toughness of fiber reinforced concrete were enhanced when the 
surface of polypropylene fibers was treated with temperature cascade arc plasma. 
Similarly, Tu et al. (1999) reported that using fluorination or oxy-fluorination processes 
to treat the polypropylene fibers helped to improve the overall behavior of fiber 
reinforced concrete mixtures.  
SFs can be divided into two categories based on the fiber size: micro-synthetic fibers 
(MISFs) and macro-synthetic fibers (MASFs), as shown in Figure 2-2.  MISFs can also 
be divided into two subcategories based on the fabrication method: monofilament fibers 
and fibrillated fibers. Monofilament fibers can be described as an individual extruded thin 
polymer cut to appropriate lengths (Bentur, 2007). Meanwhile, fibrillated fibers can be 
described as fibers stretched into thin sheets then slit into individual filaments and held 
together by cross-linking along the length, forming a tape (see Figure 2-2). This tape is 
twisted into bundles and cut to appropriate lengths (Zheng and Feldman, 1995; Bentur, 
2007). Fibrillated fibers showed a better bond strength with concrete matrix compared to 
monofilament type fibers, as reported by Soroushian et al. (1992). Comparatively, 
MASFs were fabricated as a stick which consists of two filaments cross-linked along the 
fiber length (see Figure 2-2). The surface of these fibers is also embossed to create 
deformations to provide mechanical anchorage between the fibers and the concrete 
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matrix. The cross-linking, surface deformation, and high modulus of elasticity of MASFs 
contribute to enhancing the bond strength between fibers and concrete. Choi et al. (2012) 
reported that the bond strength of MASFs is greatly affected by the mechanical anchorage 
type and surface area.  In their study it was observed that MASFs with crimped surface 
and modified cross sections can attain bond stress versus bond-slip relationship 
comparable to that of steel fibers. 
    
(a)                                      (b)                                            (C) 
Figure 2-2 Types of synthetic fibers: (a) Monofilament micro-synthetic fibers, (b) 
Fibrillated micro-synthetic fibers, (c) macro-synthetic fibers (BASF, 2012) 
 
 
2.5 Effect of SFs on the fresh, mechanical, and structural performance of concrete 
2.5.1 Fresh and mechanical properties of concrete 
Adding fibers to concrete mixtures is proven to enhance the mechanical properties of 
concrete. The bridging mechanism of fibers significantly helps to restrict the development 
of cracks, thus increasing the ability of concrete to endure higher stress. Using fibers in 
concrete was also found to increase the toughness, ductility, and impact resistance 
(Grabois et al., 2016; Yap et al., 2014; Hamoush, 2010). Among the different types of 
fibers, MFs and SFs have received much attention and become widely used. Previous 
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studies indicated that the improvement in the tensile strength of concrete appeared to be 
more pronounced when MFs were used compared to all other types of fibers. For 
example, Khayat et al. (2014) studied the effects of using 30mm MFs and 40mm SFs on 
the behavior of SCC. They observed that adding 0.5% MFs or SFs increased the STS by 
40.4% and 9.5%, respectively (Corinaldesi and Moriconi, 2015; Grabois et al., 2016; 
Abadel et al., 2015). On the other hand, the low density of the SFs has an advantage over 
the other types of fibers in reducing the self-weight of concrete. In addition, SFs have no 
tendency to corrode (Jun et al., 2016), which extends their possible applications.  
Adding fibers to SCC mixtures, in general, can significantly reduce the fresh properties of 
the mixtures. Khaloo et al. (2014) reported that it was not possible to develop SCC with 
higher than 0.5% volume fraction of MFs as the results of L-box test for all mixtures with 
higher fiber contents did not meet the acceptable limits given by EFNARC (2005) (L-box 
ratio is less than 0.75). Similar results were reported by Khayat et al. (2014) who found 
that the inclusion of MFs and SFs in SCC generally reduced the flowability and passing 
ability of the mixture. The inclusion of fibers in concrete mixtures was also found to have 
positive effects on the impact resistance and energy absorption capacity of concrete 
(Batayneh et al., 2008; Najim and Hall, 2010, Güneyisi, 2010). Banthia et al. (2003) 
found that the use of fibers in VC mixtures enhanced the post-fracture stress transfer 
capability, which in turn improved the resistance to impact loads. They attributed their 
results to the superior effect of fibers in bridging the matrix cracks. Using fibers also 
proved to have a positive effect on the tensile strength of concrete. Choi and Yuan (2005) 
observed that the addition of polypropylene fibers in VC increased the STS by 20% to 
50%. Song et al. (2005) found that using 0.1% nylon fibers in VC mixtures increased the 
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first crack and failure crack by 19% and 30.5%, respectively, while these increases 
reached up to 11.9% and 17% when polypropylene fibers were used. Hasan et al. (2011) 
reported that using 0.33-0.5% MASFs in VC mixtures showed an increase in the STS 
ranging from 10 to 15%. They also observed that the addition of MASFs enhanced the 
peak strain and post-peak ductility. It should be noted that although the addition of SFs to 
concrete mixtures exhibited a negligible effect on the compressive strength, using a high 
volume fraction of SFs may negatively affect the compressive strength due to the poor 
concrete compaction with such a high volume of fibers (Bentur, 2007). 
2.5.2 Structural performance of fiber reinforced concrete elements 
 
Previous research studies have investigated the influence of using fibers on the structural 
behavior of concrete elements. For example, Hasan et al. (2011) studied the effect of 
using different volume fractions of MASFs on the mechanical behavior of concrete. Their 
results indicated that using 0.33%, 0.42%, and 0.51% MASFs enhanced the tensile 
strength of concrete by 10%, 15%, and 14%, respectively. Their results also indicated that 
the inclusion of MASFs had a negligible effect on the compressive strength and the 
failure of the tested specimens appeared to be more ductile when MASFs were used 
compared to the other tested fibers. Carnovale (2013) studied the shear behavior of small 
concrete panels reinforced with MASFs and steel fibers under in-plane shear loading. The 
results of this investigation indicated that using 2% MASFs had a similar structural 
response to using 1% steel fibers with the same length (50mm). His results also showed 
that strain hardening and multiple cracking were achieved only when a high percentage of 
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MASFs was used (2%). Imran et al. (2015) studied the effect of using MASFs on the 
ductility and strength of reinforced concrete columns subjected to monotonic compressive 
loading. They reported that the inclusion of MASFs significantly enhanced the ductility 
of concrete columns, while the strength slightly improved. Their results also revealed that 
adding MASFs to concrete mixtures helped to delay the brittle degradation of the column 
strength and provided a ductile failure.  Altoubat et al. (2009) studied the effect of 
MASFs on the performance of slender and short reinforced beams made with 
conventional concrete. They reported that the inclusion of 40mm MASFs at 0.50%, 
0.75%, and 1% volume fractions led to an increase in the ultimate shear strength of 
slender beams, reaching up to 14%, 23%, and 30%, respectively, compared to beams with 
no fibers. These increases were more pronounced in short beams, in which adding 0.5% 
and 0.75% volume fractions of MASF increased the shear capacity of beams by 20% and 
28%, respectively. Similar results were observed when Ababneh et al. (2017) studied the 
influence of SFs on the shear behavior of lightweight concrete beams. Using 7 kg/m3 of 
SFs in their study led to considerable improvements in the ultimate shear capacity, 
deformation capacity, stiffness, and toughness of tested beams, reaching up to 58%, 25%, 
21%, and 122%, respectively. Roesler et al. (2006) tested the effect of MASFs on the 
flexural cracking load and the ultimate flexural load of concrete slabs-on-ground. Their 
results indicated that using a volume fraction of 0.32% and 0.48% of 40mm MASFs 
increased the flexural cracking load by 25% and 32%, respectively, while the ultimate 
flexural load increased by 20% and 34%, respectively, compared to plain concrete 
without fibers. Altoubat et al. (2009) investigated the use of polypropylene fibers in 
reinforced concrete beams without stirrups and with variable shear span to depth ratio 
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(a/d ≥ 2.5, and a/d< 2.5).  Their study indicated that the addition of polypropylene fibers 
contributed to increase the first diagonal cracking load and load carrying capacity. These 
findings were in agreement with other researchers (Buratti et al., 2011; Bentur, 2007; won 
et al., 2006; Oh et al., 2002).  Moreover, the polypropylene fibers helped to enhance the 
post-cracking stiffness, which reduced deflections under service loads (Li et al., 1992; 
Madjzadeh et al., 2006).  Altoubat et al. (2009) reported that using polypropylene fibers 
in concrete beams without stirrups exhibited multiple shear cracks but with controlled 
crack widths. This, in turn, helped to promote the ductility, deformability, and toughness 
of concrete beams. Ma et al. (2012) investigated the seismic performance of concrete 
columns containing MASFs. The use of SFs in their investigation increased the 
deformation capacity two to three times compared to plain reinforced concrete (without 
fibers) and delayed the rapid stiffness declination allowing for higher energy absorption. 
2.6 Engineering cementitious composites  
Engineered cementitious composite (ECC) is considered a special type of high-
performance-fiber-reinforced-cement-based composite, which was first developed by 
Victor Li in the 1990s based on micromechanics theory (Li, 1993). ECC is characterized 
by adequate strength, high strain capacity, strain hardening, and saturated multiple 
cracking behavior under tensile loading (Li et al., 2001; Li, 2003; Li and Tailoring, 2012). 
In addition, ECC proved to have higher impact resistance, fatigue life, and energy 
dissipation capacity compared to conventional concrete (Zhang and Li, 2002; 
Suthiwarapirak et al., 2004; Jun and Mechtcherine, 2010). The tensile ductility of ECC 
was found to be approximately 600 times as much as normal concrete in tension and 
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tensile strain capacity ranged from 3-5% (Li, 1998; Kong et al., 2003). ECC also 
characterized by a formation of closely spaced multiple tiny cracks (less than 100- μm) 
even at large deformation (Sahmaran and Li, 2010). 
The performance of ECC is mainly influenced by its mixture composition. ECC is 
typically developed using cement, different supplementary cementing materials, silica 
sand, and moderate volume of polymeric fibers. In standard ECC, FA is usually used with 
high volumes as a replacement for cement, reaching up to 85% by weight of cement 
(Yang et al., 2007). Although FA helps to improve the workability and decrease the 
drying shrinkage and crack widths of the mixture (Yang et al., 2007), using high volume 
of FA in ECC negatively affects its mechanical and durability properties (Sahmaran and 
Li, 2009). Such negative impacts of high-volume FA can be compensated by using high 
reactive pozzolanic supplementary cementitious materials (SCMs) such as MK and/or 
SLF, while the deformation capacity of ECC may be slightly reduced (Özbay et al., 2012; 
Zhu et al., 2014). The behavior of ECC is also affected by the properties of the silica 
sand, which is typically used as the fine aggregate in standard ECC (Wang and Li, 2006; 
Kim et al., 2007; Yang et al., 2012; Zhou and Qian, 2010). However, the low availability, 
high cost, and environmental problems of the production of silica sand limit the feasibility 
of employing ECCs in wide construction applications (Huang et al., 2013). 
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3 Experimental program 
3.1 Introduction 
This chapter presents the research methodology including the materials properties used in this 
investigation, mixing procedures, samples type and dimensions, pouring and curing 
techniques, and tests carried out on the fresh and hardened states of developed mixtures. 
Furthermore, the details of flexural, shear, and cyclic loading tests of large-scale reinforced 
concrete elements are provided, including the elements’ dimensions, test setup, load 
application, and measurements. 
3.2 Materials 
3.2.1 Cement and SCMs 
GU Portland cement, MK, FA, ground granulated blast-furnace slag (GGBS), and SLF, 
conforming to type 1 ASTM C150 (2012), ASTM C618 Class N (2012), ASTM C618 
Type F (2012), ASTM C989 (2014), and ASTM C1240 (2000), respectively, were used 
as binders for developed mixtures. Figure 3-1 shows cement and SCMs (MK, FA, 
GGBS, and SLF) used in this study. Table 3-1 presents the chemical and physical 
properties of the used cement and other SCMs. 
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Cement MK FA 
  
 
GGBS SLF  
 
Figure 3-1 The used cement and other SCMs 
 
Table 3-1 The chemical and physical properties of the used cement and other SCMs 
Chemical properties (%) Cement MK FA GGBS SLF 
SiO2 19.64 51-53 52 40.3 89.1 
 Al2O3 5.48 42-44 23 8.4 0.67 
Fe2O3 2.38 <2.2 11 0.5 0.49 
FeO - - - - - 
TiO2 - <3.0 - - - 
C - - - - - 
Cr2O3 - - - - - 
MnO - - - - - 
P2O5 - <0.2 - - - 
SrO - - - - - 
BaO - - - - - 
SO4 - <0.5 - - - 
CaO 62.44 <0.2 5 38.71 6.12 
MgO 2.48 <0.1 - 11.06 0.31 
Na2O - <0.05 - - 0.26 
C3S 52.34 - - - - 
C2S 16.83 - - - - 
C3A 10.50 - - - - 
C4AF 7.24 - - - - 
K2O - <0.40 - 0.37 0.49 
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L.O.I 2.05 <0.50 - 0.65 2.81 
Physical properties 
Specific gravity 3.15 2.56 2.38 2.9 2.2 
Blaine fineness (m2/kg) 410 19000 420 400 27600 
 
3.2.2 Coarse, fine, and rubber aggregates 
Natural crushed stones (with 10mm and 20mm maximum aggregate sizes) and natural 
sand were used as coarse and fine aggregates, respectively. The fine and coarse 
aggregates have a specific gravity of 2.6 and water absorption of 1%. CR with a 
maximum size of 4.75mm, specific gravity of 0.95, and negligible water absorption was 
used as a partial replacement of fine aggregate. Figure 3-2 shows the coarse aggregate, 
fine aggregate, CR used in this study and their gradations.  
 
 
   
Crushed stone 
(coarse aggregate) 
Natural sand 
(fine aggregate) 
CR 
   
(a) 
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Figure 3-2 Coarse, fine and CR aggregates: (a) shape, (b) gradation curves 
  
3.2.3 Chemical admixtures 
A polycarboxylate based HRWRA (Glenium 7700) similar to ASTM C494 Type F with a 
specific gravity of 1.2, volatile weight of 62%, and pH of 9.5 was used to achieve the 
required slump flow/workability of the developed mixtures. 
3.2.4 Synthetic, metal fibers and steel rebar 
Two types of hooked-ends MFs were used in this study. The first type had a length of 
35mm, an aspect ratio of 65, and tensile strength of 1150 MPa, while the second type had 
a length of 60mm, an aspect ratio of 65, and tensile strength of 1150 MPa. Five types of 
SFs were used: three types of MASFs measuring 38mm, 50mm, and 54mm (MASF38, 
MASF50, and MASF54) and two types of MISFs measuring 19mm, and 27mm (MISF19 
and MISF27). Table 3-2 presents the physical and mechanical properties of the SFs used, 
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and Figure 3-3 shows the configuration and geometry of both MFs and SFs. Steel bars 
with diameters of 10mm and 25mm were used in the constructed beams as a transversal 
and longitudinal reinforcement. All steel bars had an average yield stress of 400 MPa and 
an average tensile strength of 725 MPa.  
Table 3-2 Geometrical and mechanical characteristics of SFs used 
Fibers used Type Length 
(mm) 
Diameter/equivalent 
diameter 
(mm) 
Specific 
gravity 
Tensile 
strength 
(MPa) 
MISF19 Micro-synthetic fiber 19 0.66 0.91 300 
 
 
 
 
 
 
MISF27 Micro-synthetic fiber 27 0.8 0.91 585 
MASF38 Macro-synthetic fiber 38 0.64 0.91 515 
MASF50 Macro-synthetic fiber 50 0.66 0.91 415 
MASF54 Macro-synthetic fiber 54 0.8 0.91 585 
 
 
Figure 3-3 The fibers used: (a) MISF19, (b) MASF38, (c) MASF50, (d) MISF27, (e) 
MASF54, (f) MF35, and (g) MF60 
 
(a) (b) (c)
(d) (e) (f) (g)
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3.3 Experimental study 1: Use of SFs/MFs to optimize the fresh properties, 
stability, and strength of SCRC mixtures with different binder contents and 
SCMs 
3.3.1 Research significance  
This investigation studied the fresh properties, mechanical properties, and impact 
resistance of SCRC/FRSCRC mixtures developed with different mixture compositions 
and various SCMs. There are very few studies that have investigated the behavior of VRC 
incorporating CR and MFs, but there is no data available regarding the impact of 
combining SFs and CR on the fresh, and mechanical properties of SCC mixtures. In 
addition, the effect of combining CR with SFs on the impact resistance of SCC concrete 
mixtures is missing from the literature. This investigation aimed to develop and optimize 
a number of FRSCRC and fiber reinforced VRC (FRVRC) mixtures with different types, 
sizes, and volumes of SFs. Using fibers in SCRC can help to alleviate the reduction of 
STS and FS, which allows a higher percentage of CR to be used in the mixtures. This, in 
turn, creates eco-friendly mixtures with higher ductility and impact resistance and with an 
additional reduction of self-weight (especially when SFs are used). This research can 
contribute to enhancing the performance of FRSCRC and increase the potential use of 
such concrete in applications that require high impact resistance and energy absorption. 
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3.3.2 Scope of work (mixtures development) 
3.3.2.1 Stage 1- Effect of different SCMs in optimizing SCRC mixtures 
In this stage, a total of 16 rubberized concrete mixtures were developed and tested. The 
experimental investigation aimed to develop a number of SCRC mixtures having 
maximum percentages of CR (by volume of fine aggregate) and a minimum reduction in 
strength and stability. The effects of the CR percentage, binder content, and different 
SCMs (SLF, GGBS, MK, and FA) on the fresh properties, mechanical properties, and 
stability of SCRC mixtures were investigated and discussed. This study aimed to compare 
the performance of other SCM (MK, FA, and GGBS) in optimized SCRC mixtures with 
that of silica fume SCRC (SLFSCRC). The first set of mixtures (mix 1-5) were designed 
to investigate the effect of increasing the percentage of CR on The SLFSCRC mixtures. 
The second set of mixtures (mix 6-8) was designed to compare SLFSCRC with the 
performance of other SCMs (MK, FA, GGBS) in optimized SCRC mixtures with 
maximum percentages of CR. The third set of mixtures (9-11) investigates the effect of 
binder content in enhancing and optimizing SLFSCRC mixture with a high percentage of 
CR.  The fourth set of mixtures (12 and 13) investigates the effectiveness of using MK in 
improving the properties of SLFSCRC in order to allow a higher percentage of CR to be 
used in SLFSCRC mixture. The fifth set of mixtures (mix 14-16) designed to compare the 
effect of combining MK with FA on improving the properties of SCRC and allowing a 
higher percentage of CR with minimum reduction in mechanical properties. 
The optimum percentage used of each of SLF, MK, FA, and GGBS were 10%, 20%, 
30%, and 30%, respectively. The percentages of SLF, MK, GGBS, and FA were chosen 
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based on a preliminary trial mixes stage that was carried out on these SCMs to determine 
their optimal dosage to achieve acceptable fresh properties and a reasonable compressive 
strength suitable for structural applications. Before selecting the mixture proportions for 
each mixture, several trial mixtures were done to determine the minimum water-to-binder 
(w/b) ratio that can be used to develop mixtures meet the accepted fresh properties of 
SCC without overdosing the HRWRA. The trial mixes indicated that a w/b ratio of at 
least 0.4 was required to obtain a mixture with a slump flow diameter of 700 ± 50mm and 
with no visual sign of segregation. All mixtures were developed using 10mm crushed 
stone aggregate with a constant coarse-to-fine aggregate ratio of 0.7. This percentage was 
chosen based on previous research the authors conducted on SCC (Hassan et al. 2015). 
Varied amounts of HRWRA were added to the developed mixtures until the mixtures 
achieved a slump flow diameter of 700 ± 50mm. The mixture compositions of this stage 
are shown in Table 3-3. 
3.3.2.2 Stage 2- Use of different types, lengths, and volumes of SFs to optimize 
SCRC mixtures (development of FRSCRC mixtures)  
This stage aimed to optimize and develop SCRC and FRSCRC mixtures that have 
superior properties for structural applications requiring high-impact resistance, energy 
dissipation, and ductility. The development of SCRC and FRSCRC required adequate 
viscosity to enhance particle suspension and decrease the risk of rubber segregation. In 
addition, to meet the accepted fresh properties as per EFNARC (2005), the mixtures had 
to achieve a certain necessary level of flowability. Therefore, as a first step, several trial 
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mixtures were cast to determine the minimum water-to-binder (w/b) ratio and minimum 
total binder content that can be used to develop mixtures that meet the accepted fresh 
properties of SCC without overdosing the HRWRA. The trial mixes showed that a w/b 
ratio of at least 0.4 and a binder content of 550 kg/m3 were required to obtain SCC with 
slump flow diameter of 700 ± 50mm and with no visual sign of segregation. The previous 
stage (stage 1) showed that the use of FA was necessary to compensate for the reduction 
in flowability of SCC mixtures resulting from the addition of CR and fibers. Similarly, 
MK was used to adjust the viscosity of the mixtures in order to improve the suspension of 
CR particles and reduce their tendency to segregate during mixing. Moreover, MK has a 
promising potential to increase the mechanical properties and compensate for the 
reductions that result from using a high percentage of CR (Ismail and Hassan, 2016b; 
Madandoust and Mousavi, 2012). Based on stage 1, the optimized viscosity/flowability of 
mixtures was achieved by using 20% MK and 30% FA (by weight of the binder content). 
Furthermore, all mixtures were developed using 10mm crushed stone aggregate with a 
constant coarse-to-fine aggregate ratio of 0.7. This percentage was chosen based on 
previous research conducted on SCC (Hassan et al., 2015). Varied amounts of HRWRA 
were added to the developed mixtures until the mixtures achieved a slump flow diameter 
of 700 ± 50mm. 
The first set of mixtures evaluated the maximum possible percentage of CR that can be 
used in SCC mixtures to satisfy the criteria of self-compactibility given by EFNARC 
(2005) (mixtures 1–7). The second set of mixtures utilized different types of fibers to 
compensate for the reduction in the tensile and flexural strengths of SCRC mixtures that 
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resulted from using CR. However, since the fresh properties of SCC mixtures are 
negatively affected by the inclusion of CR and/or fibers (especially passing ability), 
limited volumes of CR and fibers could be combined safely to develop mixtures with 
acceptable properties according to EFNARC (2005). In total, sixteen FRSCRC mixtures 
were developed in the second set of mixtures. These mixtures were divided into five 
groups as follows:  
a) four mixtures with 5% to 20% CR and 0.2% MISFs (19mm) (mixtures 8–11);  
b) three mixtures with 5% to 15% CR and 0.2% MASFs (38mm) (mixtures 12–14);  
c) two mixtures with 5% to 10% CR and 0.2% MASFs (50mm) (mixtures 15–16);  
d) four mixtures with 5% to 20% CR and 0.2% MISFs (27mm) (mixtures 17–20); and  
e) three mixtures with 5% to 15% CR and 0.35% MFs (35mm) (mixtures 21–23).  
The author found that further increasing the percentage of CR and/or fiber volume 
beyond the maximum combinations used in each group led to a significant drop in the L-
box value below the acceptable limits given by EFNARC (2005). The mixture 
compositions of this set are shown in Table 3-4.  
The last set of mixtures in this work was designed to test VRC mixtures to investigate the 
possibility of using higher volumes of fibers and CR, since achieving acceptable fresh 
properties of SCC (especially passing ability) was not a target in these mixtures. 
Optimizing FRVRC mixtures with higher volumes of fibers and CR in this set of mixtures 
also aimed to develop mixtures with further reduction of self-weight and higher potentials 
for structural applications subjected to impact loadings. In addition, utilizing a higher 
percentage of fibers in VRC mixtures can play an important role in compensating for the 
reductions in the tensile and flexural strengths resulting from the addition of CR. In total, 
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seven FRVRC mixtures were developed in this set. Each mixture combined 30% CR and 
1% volume fraction from each type of fiber. The selection of the 30% CR and 1% fiber in 
this set was based on a preliminary trial mixtures stage to obtain acceptable mixture 
consistency (no visual sign of CR or fiber clumping) and reasonable compressive 
strengths for the structural application (more than 25 MPa). The detailed mixtures in this 
stage are shown in Table 3-4 (mixtures 24–31). 
All tested mixtures in the three sets were designated by the percentage of CR, either SCC 
or VC, type and volume of fiber, and fiber length. For example, an SCC mixture using 
15% CR and 0.2% 19mm MISFs would be labeled as 15CR-SCC-0.2MISF19. Also, a VC 
mixture using 30% CR and 1% 35mm MFs would be labeled as 30CR-VC-1MF35. 
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Table 3-3 Mix design for rubberized concrete mixtures of stage 1 
Mix 
# 
Mixture Cement 
(kg/m3) 
SCM 
(Type) 
SCM 
(kg/m3) 
C. A.  
(kg/m3) 
F. A. 
(kg/m3) 
CR 
(kg/m3) 
HRWRA 
(L/m3) 
1 550C-0CR-SLF 495 SLF 55 640.65 915.22 0.0 3.6 
2 550C-5CR-SLF 495 SLF 55 640.65 869.46 16.72 3.65 
3 550C-10CR-SLF 495 SLF 55 640.65 823.69 33.44 3.85 
4 550C-15CR-SLF 495 SLF 55 640.65 777.94 50.16 4.00 
5 550C-20CR-SLF 495 SLF 55 640.65 732.18 66.88 4.1 
6 550C-20CR-MK 440 MK 110 638.4 729.6 66.7 5.26 
7 550C-20CR-FA 440 FA 110 636 726.9 66.4 1.84 
8 550C-20CR-GGBS 385 GGBS 165 643.3 735.2 67.2 1.84 
9 500C-5CR-SLF 450 SLF 50 679.74 922.5 17.74 3.75 
10 600C-20CR-SLF 540 SLF 60 601.57 687.51 62.8 3.85 
11 600C-25CR-SLF 540 SLF 60 601.57 644.54 78.5 4.00 
12 550C-20CR-SLF-MK 385 SLF-MK 55-110 630.93 721.1 65.87 6.10 
13 550C-25CR-SLF-MK  385 SLF-MK 55-110 630.93 676 82.33 6.25 
14 550C-20CR-MK-FA 275 MK+FA 110+165 620.3 708.9 64.8 3.75 
15 550C-25CR-MK-FA 275 MK+FA 110+165 620.3 664.6 80.9 3.75 
16 550C-30CR-MK-FA 275 MK+FA 110+165 620.3 620.3 97.1 4.38 
Table 3-4 Mix design for SCRC, FRSCRC, VRC, and FRVRC mixtures of stage 2 
Mix 
# 
Mixture Cement 
(kg/m3) 
SCM 
(Type) 
SCM 
(kg/m3) 
C. A.  
(kg/m3) 
F. A. 
(kg/m3) 
CR 
(kg/m3) 
HRWRA 
(L/m3) 
Fiber 
(Vf%) 
SCRC 
1 0CR-SCC 275 MK+FA 110+165 620.3 886.1 0.0 3.43 - 
2 5CR-SCC 275 MK+FA 110+165 620.3 841.8 16.2 3.43 - 
3 10CR-SCC 275 MK+FA 110+165 620.3 797.5 32.4 3.75 - 
4 15CR-SCC 275 MK+FA 110+165 620.3 753.2 48.6 3.75 - 
Mix 
# 
Mixture Cement 
(kg/m3) 
SCM 
(Type) 
SCM 
(kg/m3) 
C. A.  
(kg/m3) 
F. A. 
(kg/m3) 
CR 
(kg/m3) 
HRWRA 
(L/m3) 
Fiber 
(Vf%) 
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5 20CR-SCC 275 MK+FA 110+165 620.3 708.9 64.8 3.75 - 
6 25CR-SCC 275 MK+FA 110+165 620.3 664.6 80.9 3.75 - 
7 30CR-SCC 275 MK+FA 110+165 620.3 620.3 97.1 4.38 - 
FRSCRC 
8 5CR-SCC-0.2MISF19 275 MK+FA 110+165 618.13 838.89 16.13 5.75 0.2 
9 10CR-SCC-0.2MISF19 275 MK+FA 110+165 618.13 794.73 32.26 6 0.2 
10 15CR-SCC-0.2MISF19 275 MK+FA 110+165 618.13 750.58 48.40 6.2 0.2 
11 20CR-SCC-0.2MISF19 275 MK+FA 110+165 618.13 706.43 64.53 6.4 0.2 
12 5CR-SCC-0.2MASF38 275 MK+FA 110+165 618.13 838.89 16.13 6 0.2 
13 10CR-SCC-0.2MASF38 275 MK+FA 110+165 618.13 794.73 32.26 6.23 0.2 
14 15CR-SCC-0.2MASF38 275 MK+FA 110+165 618.13 750.58 48.40 6.3 0.2 
15 5CR-SCC-0.2SMAF50 275 MK+FA 110+165 618.13 838.89 16.13 6.125 0.2 
16 10CR-SCC-0.2MASF50 275 MK+FA 110+165 618.13 794.73 32.26 6.3 0.2 
17 5CR-SCC-0.2MISF27 275 MK+FA 110+165 618.13 838.89 16.13 4.75 0.2 
18 10CR-SCC-0.2MISF27 275 MK+FA 110+165 618.13 794.73 32.26 5.25 0.2 
19 15CR-SCC-0.2MISF27 275 MK+FA 110+165 618.13 750.58 48.40 5.5 0.2 
20 20CR-SCC-0.2MISF27 275 MK+FA 110+165 618.13 706.43 64.53 5.5 0.2 
21 5CR-SCC-0.35MF35 275 MK+FA 110+165 616.5 836.7 16.1 4.63 0.35 
22 10CR-SCC-0.35MF35 275 MK+FA 110+165 616.5 792.7 32.2 4.63 0.35 
23 15CR-SCC-0.35MF35 275 MK+FA 110+165 616.5 748.6 48.3 4.63 0.35 
VRC/FRVRC 
24 30CR-VC 275 MK+FA 110+165 620.3 620.3 97.1 3.18 - 
25 30CR-VC-1MISF19 275 MK+FA 110+165 609.56 609.56 95.45 3.18 1 
26 30CR-VC-1MASF38 275 MK+FA 110+165 609.56 609.56 95.45 3.18 1 
27 30CR-VC-1MASF50 275 MK+FA 110+165 609.56 609.56 95.45 3.18 1 
28 30CR-VC-1MISF27 275 MK+FA 110+165 609.56 609.56 95.45 3.18 1 
29 30CR-VC-1MASF54 275 MK+FA 110+165 609.56 609.56 95.45 3.18 1 
30 30CR-VC-1MF35 275 MK+FA 110+165 609.56 609.56 95.45 3.18 1 
31 30CR-VC-1MF60 275 MK+FA 110+165 609.56 609.56 95.45 3.18 1 
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3.3.3 Mixing procedures 
Prior to mixing, the coarse aggregate, cement, SCMs, CR, and sand were placed in a 
rotary mixer and then dry-mixed for approximately 1.5 minutes. For fiber mixtures, fibers 
were gradually added during the dry-mixing process to obtain well-distributed fibers and 
avoid the formation of fiber balls in the mixture. Next, around 65% of the required 
amount of water was added to the dry materials and remixed for another 1.5 minutes. The 
remaining water was first mixed with the required dosage of HRWRA and then added to 
the mixer and remixed for another 2.5 ± 0.5 minutes.  
3.3.4 Casting and curing procedures 
For SCRC/FRSCRC mixtures different small-scale specimens including cylinders and 
prisms were poured without hand compaction or mechanical vibration. On the other hand, 
the VRC/FRVRC samples were compacted using a mechanical vibrator and trowel-
finished for smooth top surfaces (Figure 3-4a). All the prepared samples were moist-
cured in a curing room with a controlled temperature of 25 ± 1.5° for 7 and 28 days 
before the mechanical properties were tested (Figure 3-4b). 
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Figure 3-4 The developed mixtures (a) the cast- specimens, (b) the moist-curing 
regime 
 
3.3.5 Fresh properties tests 
The fresh properties tests of SCRC and FRSCRC mixtures were conducted as per 
EFNARC (2005). The fresh properties tests included slump flow, J-ring, V-funnel, L-box, 
and sieve segregation tests. The time to reach 500mm slump flow diameter, time to reach 
500mm J-ring diameter (T50 and T50J) and the V-funnel time were used to evaluate the 
mixture viscosity (Figure 3-5). These times were accurately measured for all tested 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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SCRC and/or SFSCRC mixtures using a videotape recording device connected to a 
computer to record the time up to 0.01 seconds. Slump flow–J-ring diameter and L-box 
heights were measured to evaluate the passing ability of SCRC and/or SFSCRC (Figure 
3-5). The stability of the mixtures was evaluated using a sieve segregation resistance test 
to measure segregation resistance of SCRC and/or SFSCRC mixtures. The stability of the 
mixture was also evaluated by measuring the distribution of the rubber particles in the 
mixture visually after splitting 100mm diameter x 200mm height concrete cylinder (see 
Figure 3-6). Figure 3-6 classifies the stability of rubber particles into three cases; namely 
no segregation (NS), moderate segregation (MS), and heavy segregation (HS). The 
workability of VRC and FRVRC mixtures was evaluated by slump test, according to 
ASTM C143 (2015). 
   
 
 
Figure 3-5 Fresh properties tests (a) slump flow, (b) J-ring, (c) V-funnel, (d) L-box 
(a) (b) (c) 
(d) 
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Figure 3-6 Rubber particles stability (a) no segregation (NS), (b) moderate 
segregation (MS), (c) heavy segregation (HS) 
 
3.3.6 Mechanical properties tests 
The mechanical properties tests included compressive strength, STS, FS, and modulus of 
elasticity (ME). The compressive strength and STS were evaluated using three identical 
concrete cylinders (100mm diameter x 200mm height), as per ASTM C39 (2011) and 
C496 (2011), respectively. A concrete prism of 100mm x 100mm cross section and 
400mm in length was tested by using a four-point loading test to assess the FS, according 
to ASTM C78 (2010). The ME was measured by attaching a 25mm strain gauge on a 
cylinder of 100mm diameter and 200mm length tested under compressive loading. All 
tested mixtures samples were moist-cured until the age of testing (7 and 28 days). 
3.3.7 Impact resistance under drop-weight test 
A drop weight test was performed to evaluate the impact resistance of developed mixtures 
according to ACI 544 (1999). The test was conducted on three specimens 150mm in 
diameter and 63.5mm thick. These specimens were carefully cut from concrete cylinders 
measuring 150mm in diameter and 300mm in height after removing the top layer of the 
(a) (b) (c) 
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cylinder using a diamond cutter. As per ACI 544 (1999), a 4.45-kg hammer was dropped 
from a height of 457mm onto a 63.5mm steel ball located at the center of the top surface 
of the specimen (see Figure 3-7a). The number of blows needed to initiate the first visible 
crack (N1) was recorded. The ultimate crack resistance was obtained by recording the 
number of blows that caused failure (N2). This number was recorded when the cracked 
specimen touched the lugs on the baseplate of the device (ACI 544 1999). 
3.3.8 Impact resistance under flexural loading 
The Flexural Impact test used a three-point flexural loading setup to evaluate the energy 
absorption of beams made with the developed mixtures (see Figure 3-7b). For each of the 
developed mixtures, three beam samples of 100 x 100mm cross-section and 400mm in 
length were tested with a loading span of 350mm. A 4.45-kg hammer was dropped from a 
height of 150mm onto the mid-span of the tested beams. The drop height of 150mm was 
chosen based on several trials to obtain an acceptable height that helped increase the 
accuracy of evaluating the impact strength of the tested beams. The SCC/SCRC beams in 
the second test suddenly broke into two halves. Therefore, only the number of blows that 
caused failure was recorded to demonstrate the ultimate impact energy. Since the beams 
reinforced with fibers were difficult to break into two halves, the ultimate failure of 
FRSCRC and FRVRC beams was identified when the maximum width of the major crack 
reached 5mm. 
For both impact tests, the impact energy (IE) was calculated using Equation (3.1): 
IE = N mgh          (3.1) 
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Where: N is the number of blows at crack level; m is the mass of the dropped hammer 
(4.45 kg); g is the gravity acceleration (9.81 m/s2); and h is the drop height (150 or 
457mm). 
  
  
(a) (b) 
Figure 3-7 Impact tests (a) drop-weight test (ACI-544), (b) flexural loading test 
 
3.4 Experimental study 2:  Influence of SFs’ type, length, and volume on 
enhancing the structural performance of rubberized concrete 
This study aimed to evaluate the flexural performance of 12 beams poured from mixtures 
that were optimized in study 1. 
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3.4.1 Research significance 
Several structural applications require high ductility and energy absorption in reinforced 
concrete beams. Using CR in concrete mixtures showed a positive effect on improving 
the ductility, energy absorption, and impact resistance of concrete. However, adding CR 
proved to have a negative effect on the mechanical properties of concrete. Using fibers in 
rubberized concrete can help to compensate for the reductions in the mechanical 
properties that result from using CR. Using fibers can also further enhance the ductility, 
energy absorption, and impact resistance when combining fibers with CR in concrete 
beams. By reviewing the literature, it can be observed that there is a limited number of 
studies that investigate the effect of using fibers in rubberized concrete beams subjected 
to four-point loading. Furthermore, there are no available studies that have investigated 
the effect of using SFs on the structural behavior of rubberized concrete beams, especially 
when different types, lengths, and volumes of SFs are used. The main objective of this 
study was to investigate the effect of combining MISFs/MASFs with CR on maximizing 
the bending moment capacity, ductility, and energy absorption of the tested beams. This 
study will help to improve understanding of the structural behavior of rubberized concrete 
beams. 
3.4.2 Scope of work 
Mixtures optimized from study 1 
This study contained a total of twelve mixtures (twelve concrete beams): four SCRC, 
three SFSCRC, and five synthetic fibers VRC (SFVRC) mixtures. These mixtures were 
selected based on study 1 that aimed to optimize the fresh and mechanical properties of 
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SCRC, SFSCRC, and SFVRC mixtures. A total binder content of 550 kg/m3 and a 
minimum water-to-binder ratio (w/b) of 0.4 were required to ensure enough flowability 
and no visual sign of segregation. The binder content included 50% GU Portland cement, 
30% FA, and 20% MK. These percentages were found to be optimal to fulfill the 
requirement of flowability, particle suspension, and strength. For all tested beams in this 
investigation, the coarse-to-fine aggregate ratio was kept constant at 0.7. Table 3-5 
presents the mixture composition for all tested beams. The selected mixtures are as 
follows: 
• Four SCRC mixtures (beams B1-B4). These mixtures contained different 
percentages of CR (0%, 10%, 15%, and 20%). The mixtures in these beams were 
selected to study the effect of increasing the percentage of CR on the flexural and 
cracking behavior of SCC beams. 
• Three SFSCRC mixtures (B5-B7). These mixtures contained 0.2% 
MASF50+10%CR, 0.2% MASF38+15%CR, and 0.2% MISF19+20%CR, 
respectively. These mixtures were selected to assess the combined effect of CR 
and SFs on the structural performance and cracking behavior of SCC beams. 
These mixtures were developed such that the maximum possible combination of 
CR and SFs (for each type of SF) was used. Further increase in the percentage of 
CR and/or SFs in these mixtures resulted in a significant reduction in the 
flowability and passing ability, as shown in study 1. Moreover, it was not possible 
to use MASF54 in SFSCRC mixtures due to the longer length, which exhibited 
high blockage in the L-box device. 
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• Five VRC and SFVRC mixtures (B8-B12) were developed with 30% CR, 1% 
MISF19+30%CR, 1% MASF38+30%CR, 1% MASF50+30%CR, and 1% 
MASF54+30%CR, respectively. These mixtures were designed to investigate the 
effect of using a maximized percentage of CR and SFs on the structural behavior 
and cracking of VRC beams. The maximum possible percentage of SFs in these 
mixtures was found to be 1%. Using a higher percentage of SFs in these mixtures 
resulted in difficulty mixing and forming fiber balls. Also, the maximum possible 
percentage of CR in these mixtures was found to be 30%. Using a higher 
percentage of CR caused a significant drop in the compressive strength of the 
mixture. It should be noted that it was not possible to develop these mixtures as 
SCC mixtures. Higher percentages of SFs and CR caused a significant drop in the 
fresh properties of SCC mixtures.  
All tested beams were designated by the concrete type, percentage of CR, and percentage 
and length of SFs (MISFs or MASFs) (see Table 3-5). For example, the SCC beam with 
15% CR and 0.2% MASF38 would be labeled as SCC-15CR-0.2MASF38, and the VC 
beam with 30% CR and 1% MASF50 would be labeled as VC-30CR-1MASF50. All 
beams were designed according to CSA standards to fail in flexure.  
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Table 3-5 Mix design of beams optimized from study 1  
beam
# 
Designation Cement 
(kg/m3) 
MK 
(kg/m3) 
FA 
(kg/m3) 
C. A. 
(kg/m3) 
F. A. 
(kg/m3) 
CR 
(kg/m3) 
Fibers 
(kg/m3) 
Density 
(kg/m3) 
B1 SCC-0CR 275 110 165 620.3 886.1 0.0 - 2276 
B2 SCC-10CR 275 110 165 620.3 797.5 32.4 - 2220 
B3 SCC-15CR 275 110 165 620.3 753.2 48.6 - 2192 
B4 SCC-20CR 275 110 165 620.3 708.9 64.8 - 2164 
B5 SCC-20CR-0.2MISF19 275 110 165 618.1 706.4 64.5 1.82 2161 
B6 SCC-15CR-0.2MASF38 275 110 165 618.1 750.6 48.4 1.82 2189 
B7 SCC-10CR-0.2MASF50 275 110 165 618.1 794.7 32.3 1.82 2217 
B8 VC-30CR 275 110 165 620.3 620.3 97.1 9.1 2048 
B9 VC-30CR-1MISF19 275 110 165 609.6 609.6 95.5 9.1 2094 
B10 VC-30CR-1MASF38 275 110 165 609.6 609.6 95.5 9.1 2094 
B11 VC-30CR-1MASF50 275 110 165 609.6 609.6 95.5 9.1 2094 
B12 VC-30CR-1MASF54 275 110 165 609.6 609.6 95.5 9.1 2094 
Note: All mixtures have a 0.4 w/b ratio, a 0.7 C/F aggregate ratio, and a 10mm maximum aggregate size; C. A. = Coarse aggregates; F. A. = Fine 
aggregates; CR = Crumb rubber; MK = metakaolin; MISF = micro synthetic fibers; MASF = macro synthetic fibers.
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3.4.3 Casting of specimens 
After mixing, fresh properties tests were performed. The concrete beams were then cast in 
preassembled wooden forms. SCRC and SFSCRC beams were poured from one side, 
allowing concrete to flow under its own weight and reach the other side without any 
vibration or compaction. On the other hand, the VRC/SFVRC beams were consolidated 
using electrical vibrators and trowel-finished for smooth top surfaces. The beams were 
sprayed with water 24 hours after pouring and then covered with plastic sheets for four 
days and air-cured until the day of testing. Figure 3-8 shows the reinforcement and 
formwork details, pouring concrete, and curing regime (first four days) for all tested 
concrete beams. It should be noted that the specimens which were used to evaluate the 
compressive strength and STS of beams’ mixtures, had been exposed to a condition of 
curing similar to their tested beams.  
 
   
a b c 
Figure 3-8 Casting of flexural beams (a) reinforcement and formwork details, (b) 
pouring concrete, (c) curing regime (first four days) 
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3.4.4 Dimensions, four-point loading test setup, and loading procedures  
Figure 3-9 shows the dimensions, reinforcement details, and test setup for all tested 
beams. All beams had a similar cross-section of 250mm x 250mm, the total length of 
2440 mm, effective span of 2040mm, and an effective depth of 197.5mm. The tension 
longitudinal reinforcement consisted of two 25M steel bars with a clear concrete cover of 
40mm. The compression steel reinforcement (two 10M steel bars) was chosen for the 
compression reinforcement. The shear reinforcement consisted of 10M steel stirrups 
spaced at 155mm with a constant clear concrete cover of 30mm.    
Figure 3-9 also shows the test setup for tested beams. All tested beams were simply 
supported subjected to a four-point loading pattern. A hydraulic jack with 500 kN 
capacity was used to apply a point load on a steel beam, which acted on the concrete 
surface by distributing the load in two-point loading spaced 680mm. The shear span to 
effective depth was kept constant of 3.44. A linear variable differential transformer 
(LVDT) was used to record the vertical displacement at the mid-point of the beam. The 
developed cracks were detected and then marked on the beam surface. A crack 
microscope (60X magnification with 0.02mm least count) was used to accurately measure 
the crack widths at each load stage. The first cracking moment, ultimate moment, 
deflections, crack patterns/widths, and failure modes were observed and recorded during 
the test. The ductility and energy absorption were then calculated after the completion of 
the test.  
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Figure 3-9 Typical test setup, dimensions, reinforcement, and failure mode of tested 
beams in flexure
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3.5 Experimental study 3: Effect of SFs on shear capacity of reinforced rubberized 
concrete beams 
This study aimed to investigate the shear behavior of twelve beams poured from mixtures 
that were optimized in study 1. 
3.5.1 Research significance 
The current literature indicates that there is very limited research investigating the 
performance of full-scale concrete elements made with rubber, and no studies evaluated 
the combined effect of CR and MISFs/MASFs on the shear capacity of reinforced 
concrete beams, especially when both VC and SCC are used. Therefore, this study was 
conducted to cover this knowledge gap by investigating the effect of CR with/without SFs 
(MISFs and MASFs) on stiffness, ultimate capacity, post-diagonal resistance, energy 
absorption, and cracking behavior of reinforced concrete beams subjected to shear failure. 
The results obtained from this study can greatly help to assess the potentials of CR 
with/without SFs in structural applications.  
 
3.5.2 Scope of work  
In this part of the research, twelve beams with mixtures listed in Table 3-5 was studied to 
evaluate the shear behavior of rubberized concrete reinforced with SFs. The mixtures 
were selected and designed based on the criteria explained in study 2, clause 3.4.2. 
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3.5.3 Casting of specimens 
All casting and curing procedures in study 3 were carried out as per study 2. 
3.5.4 Beams’ dimensions, test setup, and loading procedures of the tested beams 
Twelve beams with a constant cross-section of 250mm x 250mm, effective depth (d) of 
197.5mm, and a length of 1500mm were tested, as shown in Figure 3-10. All the beams 
were constructed without shear reinforcement. The longitudinal reinforcement was kept 
constant and consisted of two 25M steel bars (25mm diameter) in the tension zone 
(tension reinforcement ratio (ρs) = 2.03%) and two 10M (10mm diameter) steel bars in the 
compression zone.  
As shown in Figure 3-10, all beams were simply supported and subjected to a four-point 
symmetrical vertical loading condition. The loading pattern shows that the tested beams 
were typically loaded with a constant shear span (a) of 495mm, providing a constant 
shear span-to-effective depth (a/d) ratio of 2.5 that ensures shear failure before bending 
failure (Kani et al., 1979). A monotonic load was applied gradually using a 500-kN 
hydraulic jack on a single point and then distributed into two-point loads acting on the 
beam surface. The vertical midspan deflection of the tested beams was measured and 
recorded using a linear variable differential transformer (LVDT). The load-midspan 
deflection of each beam was monitored and recorded continuously until the occurrence of 
the failure. A crack detection microscope (60x magnification with 0.02mm least count) 
was used to accurately measure the widths of the developed flexural and shear cracks.  
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Figure 3-10 Typical test setup, dimensions, and reinforcement of tested beams in 
shear 
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3.6 Experimental study 4: Cyclic loading of large-scale rubberized concrete beam-
column joints with/without SFs 
 
This study aimed to investigate the structural behavior of rubberized concrete beam-
column joints with/without SFs/MFs under cyclic loading. The mixtures used in this 
study were optimized and developed in study 1. 
3.6.1 Research significance 
Beam-column joints are considered one of the vulnerable locations in framed structures, 
which are mainly responsible for resisting lateral cyclic loading such as earthquake loads. 
These joints require high ductility and energy absorption to ensure appropriate design of 
the structure. Previous studies have indicated that including CR in concrete mixtures 
improves the ductility and energy dissipation of concrete structures. Using rubber in SCC 
mixtures combines the desired properties of SCC, especially in congested areas (like 
beam-column joints), with the superior properties of CR for structural applications. There 
is a lack of information, however, regarding the effect of combining CR particles with 
fibers on the structural performance of beam-column joints. Moreover, there are no 
available studies that have investigated the effect of using SFs in rubberized concrete on 
the cyclic behavior of beam-column joints. This investigation was conducted to determine 
the optimum percentage of CR in SCC to enhance the structural performance of exterior 
beam-column joints under reverse cyclic loading. The study also aimed to investigate the 
effect of combining CR with MFs/SFs on maximizing the ductility, energy dissipation, 
and load carrying capacity of the tested joints, especially when different types, lengths, 
and volumes of fibers were used. Information regarding first crack load, load carrying 
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capacity, deformability, ductility, brittleness index, stiffness degradation, cracking 
behavior, and energy dissipation of beam-column joints under reverse cyclic loading were 
covered and analyzed in this study.  
3.6.2 Scope of work  
Stage 1- Determining the optimum percentage of CR  
This stage contains six SCRC mixtures selected based on study 1 aimed to develop a 
number of SCRC mixtures containing a maximum percentage of CR with a minimum 
reduction in mechanical properties. The percentages of CR in the tested mixtures ranged 
from 0% to 25% (partial replacement of sand by volume). All tested mixtures/specimens 
were designated by the concrete type (SCC) and percentage of CR. For example, a 
specimen containing 10% CR would be labeled as SCC-10CR (see Table 3-6). Six large-
scale concrete beam-column joint specimens were prepared using the six different 
developed mixtures. All specimens were designed according to (CSA, 2004) standards to 
fail in flexure with ductile behavior.  
Stage 2- Effect of using larger coarse aggregate size and MFs in rubberized concrete 
joints. 
This Stage contained a total of eleven mixtures (for eight beam-column joints): four 
SCRC, one metal fiber SCRC (MFSCRC), and three metal fiber VRC (MFVRC) mixtures 
(see Table 3-6 ). These mixtures were selected based on study 1 that aimed to optimize 
the fresh and mechanical properties of SCRC, VRC, MFSCRC, and MFVRC mixtures. In 
order to ensure enough flowability and no visual sign of segregation, both SCRC and 
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MFSCRC mixtures needed a total binder content of at least 550 kg/m3 and a minimum 
water-to-binder (w/b) ratio of 0.4. The binder content (550 kg/m3) included 50% GU 
portland cement, 30% FA, and 20% MK. This selection was found to be optimal for 
adjusting the mixtures’ flowability. The coarse-to-fine aggregate (c/f) ratio was kept 
constant at 0.7 in this investigation for all tested mixtures. The maximum percentage of 
MFs that could be added in SCRC mixtures was found to be 0.35%. Using a higher 
percentage of MFs in SCRC mixtures resulted in significant reductions in the fresh 
properties. 
The developed mixtures were as follows: 
- Joints S4-S5 compared with joints S8-S9. The mixtures in these joints were 
selected to study the effect of using different coarse aggregate sizes on the 
performance of the tested joints. 
- Joint S11 compared with S4. These two mixtures were selected to study the effect 
of adding MF to SCRC. 
- Joint S12 compared with S11. These two mixtures were selected to study the 
effect of concrete type (MFVRC compared with MFSCRC). 
- Joint S13 compared with S12. These two mixtures were selected to investigate the 
effect of changing fiber length (MF60 compared with MF35). 
- Joint S14 compared with S1. These two mixtures were selected to investigate the 
effect of maximizing the percentage of CR and MFs on the performance of beam-
column joints. 
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All tested mixtures/joints were designated by the concrete type (SCC/VRC), percentage 
of CR, and coarse aggregate size or percentage/length of MFs. For example, a specimen 
containing 15% CR and 0.35% MF35 would be labeled as SCC-15CR-0.35MF35. 
All joints were designed according to CSA 2008 standards to fail in flexure with a ductile 
behavior. 
Stage 3 – Effect of combining CR with different types, lengths, and volumes of SFs on the 
structural behavior of the beam-column joint. 
This stage contained a total of ten mixtures (seven beam-column joints): three SFSCRC, 
and four SFVRC mixtures. These mixtures were selected based on study 1 that aimed to 
optimize the fresh and mechanical properties of SCRC, SFSCRC, and SFVRC mixtures. 
In order to ensure enough flowability and no visual sign of segregation, SFSCRC 
mixtures needed a total binder content of at least 550 kg/m3 and a minimum water-to-
binder (w/b) ratio of 0.4. The binder content (550 kg/m3) included 50% GU Portland 
cement, 30% FA, and 20% MK. This selection was found to be optimal for adjusting the 
mixtures’ flowability, particle suspension, and strength. The coarse-to-fine aggregate ratio 
was kept constant at 0.7 in this investigation for all tested mixtures. The maximum 
percentage of MISFs and MASFs that could be added in SCRC mixtures was found to be 
0.2%. Using a higher percentage of SFs in SCRC mixtures resulted in significant 
reductions in the fresh properties. An optimum percentage of 15% CR was selected in this 
investigation. This percentage was chosen based on stage 1 conducted in this study to 
optimize the percentage of CR in SCRC mixtures. Table 3-6 shows the mixture 
compositions for all tested joints. 
The experimental program was designed based on the following: 
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- Joints S15-S16 compared to S4. The mixtures in these joints were selected to 
study the effect of adding different types of MISFs to SCRC. 
- Joint S17 compared to S4. These two joints were selected to study the effect of 
adding MASFs (MASF38) to SCRC. 
- Joint S18 compared to S17. The mixtures in these two joints were selected to 
study the behavior of SFVRC compared to SFSCRC. 
- S19-S20 compared to S18. These mixtures were selected to study the effect of 
using different lengths (MASF50 compared to MASF38) and different types of 
MASFs (MASF54 compared to MASF38) on the behavior of VRC beam-column 
joints. It should be noted that it was not possible to develop SCC mixtures with 
MASF54 and MASF50 due to the significant drop in the L-box value below the 
acceptable limits given by EFNARC (2005). Therefore, all mixtures in this stage 
of comparison were developed as VRC.  
- S21 compared to S6 and S1. These mixtures were selected to study the effect of 
using the maximum possible percentage of SFs (1%) to compensate for the 
reductions in the mechanical properties resulting from a high percentage of CR. 
Adding higher percentages of SFs (more than 1%) resulted in poor dispersion of 
the fiber (formation of fiber balls) in the mixture.  
All tested mixtures/joints were designated by the concrete type (SCC/VRC), percentage 
of CR, and percentage/length of SFs. For example, a specimen containing 15% CR, and 
0.2% MASF38 would be labeled as SCC-15CR-0.2MASF38. 
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Table 3-6  mix design of rubberized beam-column joints 
 
Joint 
# 
Mixture ID 
Cement 
(kg/m3) 
SCM 
(Type) 
SCM 
(kg/m3) 
C. A. 
(kg/m3) 
F. A. 
(kg/m3) 
CR 
(kg/m3) 
HRWR
A 
(L/m3) 
Fibers Density 
Vf (%) (kg/m3) 
Stage 1 
S1 SCC-0CR 275 MK+FA 110+165 620.3 886.1 0 3.43 -- 2276.4 
S2 SCC-5CR 275 MK+FA 110+165 620.3 841.8 16.2 3.43 -- 2248.3 
S3 SCC-10CR 275 MK+FA 110+165 620.3 797.5 32.4 3.75 -- 2220.2 
S4 SCC-15CR 275 MK+FA 110+165 620.3 753.2 48.6 3.75 -- 2192.1 
S5 SCC-20CR 275 MK+FA 110+165 620.3 708.9 64.8 3.75 -- 2164 
S6 SCC-25CR 275 MK+FA 110+165 620.3 664.6 80.9 3.75 -- 2135.8 
Stage 2 
S7 SCC-10CR-20 275 MK+FA 110+165 620.3 797.5 32.4 3.75 -- 2220.2 
S8 SCC-15CR-20 275 MK+FA 110+165 620.3 753.2 48.6 3.75 -- 2192.1 
S9 SCC-20CR-20 275 MK+FA 110+165 620.3 708.9 64.8 3.75 -- 2164 
S10 SCC-25CR-20 275 MK+FA 110+165 620.3 664.6 80.9 3.75 -- 2135.8 
S11 SCC-15CR-0.35MF35 275 MK+FA 110+165 620.3 753.2 48.6 4.63 0.35 2210.88 
S12 VRC-15CR-0.35MF35 275 MK+FA 110+165 620.3 753.2 48.6 3.18 0.35 2210.88 
S13 VRC-15CR-0.35MF60 275 MK+FA 110+165 620.3 753.2 48.6 3.18 0.35 2210.88 
S14 VRC-25CR-1MF35 275 MK+FA 110+165 620.3 664.6 80.9 3.18 1 2163.1 
Stage 3 
S15 SCC-15CR-0.2MISF19 275 MK+FA 110+165 620.3 750.6 48.6 3.75 0.2 2192.1 
S16 SCC-15CR-0.2MISF27 275 MK+FA 110+165 620.3 750.6 48.6 3.75 0.2 2192.1 
S17 SCC-15CR-0.2MASF38 275 MK+FA 110+165 620.3 750.6 48.6 3.75 0.2 2192.1 
S18 VRC-15CR-0.2MASF38 275 MK+FA 110+165 620.3 750.6 48.6 3.18 0.2 2192.1 
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S19 VRC-15CR-0.2MASF50 275 MK+FA 110+165 620.3 750.6 48.6 3.18 0.2 2192.1 
S20 VRC-15CR-0.2MASF54 275 MK+FA 110+165 620.3 750.6 48.6 3.18 0.2 2192.1 
S21 VRC-25CR-1MASF38 275 MK+FA 110+165 620.3 664.6 80.9 3.18 1 2135.8 
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3.6.3 Casting of specimens  
In the first step of mixing, the coarse aggregate, cement, SCMs, CR, and sand were dry 
mixed in a rotary mixer for 1.5 minutes. Next, the SFs were added during the dry mixing 
process to achieve good fiber distribution. Then, the required water was mixed with the 
HRWRA and then added to the dry material and remixed for another three minutes. 
Immediately after mixing, fresh properties tests and pouring concrete beam-column joints 
in wooden forms were carried out. SCRC and FRSCRC joints were cast from one side, 
allowing the concrete to flow under its own weight and reach the other sides without any 
vibration or compaction. On the other hand, the VRC/SFVRC beams were consolidated 
using electrical vibrators and trowel-finished for smooth top surfaces. After 24 hours of 
casting, the specimens were sprayed with water and covered with plastic sheets for four 
days and then air-cured until the date of testing. Figure 3-11 shows the specimens’ 
dimensions and reinforcement details.  
   
Figure 3-11 pouring of beam-column joints, formwork and reinforcement details 
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3.6.4 Test setup, and loading procedures 
Figure 3-12a shows the test setup used in this investigation. An axial load of 10% of the 
capacity of the column was applied to the top of the column using a hydraulic jack in 
order to simulate the gravity load. An actuator with a capacity of 500 kN was used to 
apply the vertical load at the beam’s tip (90mm from the beam end [Figure 3-12b]). The 
load was transferred to the beam’s tip through the arrangement of two channel sections 
and two rods. The reversed cyclic quasi-static load was applied with a displacement 
control according to ACI (2008). The displacement was applied in different load steps 
until failure. Each load step had three full reversed cycles with a frequency of 0.08 Hz. 
The applied displacement sequence is presented in Figure 3-13 and Table 3-7. This 
pattern of loading was assigned to ensure a gradual increase in displacement, neither too 
large nor too small, until the failure of the specimen. The deflection at the beam’s tip and 
midspan were measured using linear variable differential transformers (LVDTs). 
Meanwhile, the strains at the section of maximum moment were recorded using two strain 
gauges attached on each side (the bottom and top of the longitudinal beam’s 
reinforcement). After each displacement load step, the cracks were marked, and their 
widths were measured using a crack microscope (60X magnification with 0.02mm least 
count). The first crack load, ultimate load, deformation, crack patterns/widths, and failure 
modes were observed and recorded during the test. The ductility, energy dissipation, 
brittleness index, and stiffness degradation were then calculated after the completion of 
the test. 
 64 
 
 
 
Figure 3-12  (a) Test setup, (b) specimens’ dimensions and reinforcement details 
(b) 
(a) 
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Figure 3-13 Sequence of applied displacement 
 
Table 3-7 Applied displacement sequence 
 
Load 
step 
Number of cycles 
Amplitude 
(mm) 
1 3 0.5 
2 3 1 
3 3 2 
4 3 3 
5 3 4 
6 3 8 
7 3 16 
8 3 24 
9 3 32 
10 3 40 
11 3 48 
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3.7 Experimental study 5: Structural behavior of rubberized ECC beam-column 
joints under cyclic loading 
This study aimed to investigate the cyclic behavior of ECC beam-column joints with 
different percentage of CR, SCMs types, and fine aggregate types. 
3.7.1 Research significance 
Although there are a sufficient number of studies available in the literature regarding the 
mechanical and durability properties of ECC, very limited research investigated the 
behavior of ECC beam-column joints under cyclic loading. Moreover, there are no 
available studies that have investigated the behavior of rubberized ECC, ECC with 
different SCMs, and ECC with different sand type in beam-column joints under cyclic 
loading. Using ECC with an optimized percentage of CR not only can further improve the 
ductility and energy dissipation of joint but also contributes to developing eco-friendly 
composites with relatively low environmental impact. The structural performance of 
tested beam-column joints including the load-deflection envelop response, hysteresis 
behavior, initial stiffness, deformability, cracking behavior, displacement ductility, 
brittleness index, energy dissipation, first cracking load, and the ultimate load was 
covered and analyzed in this study. 
3.7.2 Scope of the work  
This investigation contained a total of eight mixtures (eight beam-column joints). The 
experimental program was designed based on the following: 
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- Joint S1. This joint was selected as a reference. It has a standard ECC mixture 
(with FA and silica sand).  
- Joints S2-S4 compared to S1. The mixtures in these joints were selected to study 
the effect of using different percentages of CR in ECC on enhancing the structural 
performance of ECC beam-column joints (compared to the standard ECC joint). 
The percentages of CR used in this investigation (up to 15%) was chosen based on 
trial mixes, in which further increase in the CR percentage beyond 15% showed a 
significant drop in the mechanical properties of ECC mixtures.  
- Joints S5-S6 compared to S1. These two joints were selected to study the effect of 
partially replacing the FA (commonly used in standard ECC) with 20% MK or 
10% SLF on enhancing the stiffness and load carrying capacity of beam-column 
joints. The selection of the 20% and 10% MK and SLF were based on previous 
investigating conducted by Ismail et al. (2018). In this previous investigation, the 
authors investigated several mixtures to evaluate the optimum percentages of MK 
and SLF. They concluded that 20% MK and 10% SLF were the optimum 
percentages that can develop ECC mixtures with maximized compressive and 
tensile strengths. 
- Joint S7 compared to S1. This joint was selected to evaluate the performance of 
the beam-column joint made with natural sand instead of silica sand. Such joint 
was constructed to promote the use of locally available aggregate to develop cost-
effective composite with low environmental impact. 
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- Joint S8 was developed with a strength comparable to the reference ECC Joint 
(S1) for comparison.  
All tested mixtures/joints were designated by the concrete type (ECC), type of SCMs, 
and percentage of CR or fine aggregate type. For example, ECC joint containing 15% 
CR, and FA would be labeled as ECC-FA-15CR, while ECC joint containing natural 
sand and FA would be labeled as ECC-FA-NS (see Table 3-8). All tested joints were 
designed according to CSA standards to fail in a flexural manner with a ductile 
behavior. In addition, the tested specimens satisfy the requirement of type 2 
connections specified by ACI 352 code. Moreover, in order to avoid bond/slip failure, 
hocked bars with enough developmental lengths were provided for the beam 
longitudinal bars.  
Table 3-8 mix design of ECC beam-column joints  
Joint 
# 
Mixture ID C 
 
C.A./C 
SCM 
(type) 
SCM/C S/C 
PVA 
(volume %) 
CR/silica 
sand volume 
replacement 
(%) 
S1 ECC-FA 1 - FA 1.2 0.8 2 - 
S2 ECC-FA-5CR 1 - FA 1.2 0.76 2 0.05 
S3 ECC-FA-10CR 1 - FA 1.2 0.71 2 0.1 
S4 ECC-FA-15CR 1 - FA 1.2 0.67 2 0.15 
S5 ECC-MK 1 - FA+MK 0.78+0.44 0.8 2 - 
S6 ECC-SLF 1 - FA+SLF 1+0.22 0.8 2 - 
S7 ECC-FA-NS 1 - FA 1.2 0.8 2 - 
S8 NC 1 2.26 FA+MK 1 3.22 - - 
 
3.7.3 Casting of specimens and test setup 
All casting and curing procedures and test setup in study 5 were conducted as per study 4. 
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4 Discussion of results from experimental study 1: use of SFs/MFs to 
optimize the fresh properties, stability, and strength of SCRC 
mixtures with different binder content and SCMs 
4.1 Introduction 
This chapter presents the results and discussion of the concrete mixtures developed in 
study 1. The main objective was to evaluate the effect of using different SCMs on the 
development and optimization of SCRC. The study also aimed to develop and optimize 
SCRC modified by different types and volumes of SFs and MFs. The results of this study 
help to highlight a number of successful mixtures with high potentials for structural 
applications requiring high energy absorption, ductility, and impact resistance. The 
effects of different SCMs (MK, FA, SLF, GGBS), different percentage of CR (0%-30%), 
binder content (500 kg/m3, 550 kg/m3, 600 kg/m3), SFs types and lengths (MISF19, 
MISF27, MASF38, MASF50, MASF54), SFs volume (0%, 0.2%, and 1%), MFs lengths 
(35mm, and 60mm), and MFs volume (0%, 0.35%, 1%) were investigated. The results of 
fresh properties tests are presented in Table 4-1, and Table 4-2. The results of mechanical 
properties tests and impact resistance tests are presented in Table 4-3, Table 4-4, and 
Table 4-5. Table 4-6 summarizes the ANOVA results for the effect of CR inclusion, and 
different fibers lengths on the mechanical and impact resistance of tested mixtures. The 
results and discussions presented in this chapter have been published in the first, second, 
and third papers mentioned earlier at the beginning of this thesis.  
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Table 4-1 Fresh properties of tested SCRC mixtures (study 1- stage 1) 
 
Mixture 
# 
Mixture designation Slump/Slu
mp flow 
J-ring   Slump–J-ring 
(mm) 
L-box 
H2/H
*100 
V-funnel SR  
% 
Density  
(kg/m3) 
Ds 
(mm) 
T50  
(sec) 
DJ 
(mm) 
T50J   
(sec) 
T0  
(sec) 
1 550C-0CR-SLF 730 1.56 710 2.09 20 88 4.2 
 
2.45 2105.87 
2 550C-5CR-SLF 710 1.98 670 2.38 40 83 5.81 3.06 2076.83 
3 550C-10CR-SLF 680 2.39 630 3.04 50 79 7.2 3.91 2047.78 
4 550C-15CR-SLF 670 2.77 615 3.20 55 77 7.84 4.89 2018.75 
5 550C-20CR-SLF 660 3.05 600 3.45 55 76 8.83 4.89 1989.71 
6 550C-20CR-MK 680 3.57 650 3.97 30 86 12.01 
 
4.17 1984.7 
7 550C-20CR-FA 700 1.99 655 2.32 60 75 5.9 6.67 1979.3 
8 550C-20CR-GGBS 705 2.07 675 2.35 40 80 5.9 6.04 1995.7 
9 500C-5CR-SLF 690 2.42 630 3.00 60 76 7.62 4.87 2119.98 
10 600C-20CR-SLF 690 2.72 640 3.20 50 79 8.01 4.17 1951.88 
11 600C-25CR-SLF 670 3.21 615 3.62 55 76 9.5 4.65 1924.61 
12 550C-20CR-SLF-MK 690 3.26 645 3.86 45 79 11.89 4.53 1967.9 
13 550C-25CR-SLF-MK 660 3.49 590 4.07 65 75 15.48 5.26 1939.26 
14 550C-20CR-MK-FA 710 3.14 665 3.51 45 79 9.35 6.50 2164 
15 550C-25CR-MK-FA 700 3.35 650 3.88 50 77 14.30 7.50 2135.8 
16 550C-30CR-MK-FA 670 3.76 600 4.23
2 
70 75 17.25 8.33 2107.7 
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Table 4-2 Fresh properties of tested FRSCRC mixtures (study 1- stage 2) 
Mixture 
# 
Mixture designation Slump flow J-ring   Slump–J-ring 
(mm) 
L-box 
H2/H1 
V-
funnel 
SR  
% 
Ds 
(mm) 
T50  
(sec) 
DJ 
(mm) 
T50J   
(sec) 
T0  
(sec) 
Set # 1 
1 0CR-SCC 725 1.95 715 2.34 10 0.91 7.01 2.08 
2 5CR-SCC 720 2.39 705 2.77 15 0.88 8.50 2.71 
3 10CR-SCC 720 2.74 690 3.17 30 0.84 9.51 3.75 
4 15CR-SCC 715 2.96 675 3.40 40 0.82 10.59 5.83 
5 20CR-SCC 710 3.14 665 3.51 45 0.77 10.97 6.50 
6 25CR-SCC 700 3.35 650 3.88 50 0.77 14.30 7.50 
7 30CR-SCC 670 3.76 600 4.23
2 
70 0.75 17.25 8.33 
Set # 2 
8 5CR-SCC-0.2SF19 725 2.42 700 2.84 25 0.86 8.9 3.12
55 9 10CR-SCC-0.2SF19 710 2.78 680 3.23 35 0.82 10.2 3.75 
10 15CR-SCC-0.2SF19 715 3.04 670 3.55 45 0.79 11.4 4.37 
 11 20CR-SCC-0.2SF19 670 3.29 625 3.69 50 0.76 12.12 6.88 
12 5CR-SCC-0.2SF38 710 2.68 650 3.56 60 0.81 11.91 3.37 
13 10CR-SCC-0.2SF38 670 3.05 600 3.88 60 0.79 14.02 4.55 
14 15CR-SCC-0.2SF38 665 3.2 600 4.2 65 0.77 15.3 7.29 
15 5CR-SCC-0.2SF50 680 2.95 615 3.82 65 0.79 15.6 4.11 
16 10CR-SCC-0.2SF50 710 3.18 645 4.23 85 0.76 16.2 5.51 
17 5CR-SCC-0.2SF27 725 2.50 
 
685 2.98 40 0.84 9.5 2.92 
18 10CR-SCC-0.2SF27 705 2.84 665 3.43 40 0.81 11.2 3.13 
19 15CR-SCC-0.2SF27 690 3.09 640 3.85 50 0.79 12.67 3.96 
20 20CR-SCC-0.2SF27 690 3.25 635 3.92 55 0.75 13.50 5.2 
21 5CR-SCC-0.35MF35 730 2.62 690 3.25 40 0.80 9.75 2.92 
22 10CR-SCC-0.35MF35 715 3.07 650 3.66 65 0.78 10.65 4.13 
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23 15CR-SCC-0.35MF35 710 3.31 630 4.01 80 0.75 12.05 6.04 
 
 
Set # 3 Slump (mm) 
24 30CR-VC 190 
 
- - - - - - - 
25 30CR-VC-1SF19 175 - - - - - - - 
26 30CR-VC-1SF38 150 - - - - - - - 
27 30CR-VC-1SF50 130 - - - - - - - 
28 30CR-VC-1SF27 165 - - - - - - - 
29 30CR-VC-1SF54 125 - - - - - - - 
30 30CR-VC-1MF35 160 - - - - - - - 
31 30CR-VC-1MF60 110        
 
Table 4-3 Mechanical properties of tested SCRC mixtures (study 1-stage 1)  
 
Mixture 
# 
Mixture designation 
28-day 
f'c 
28-day 
STS 
28-
day 
FS 
MPa MPa MPa 
1 550C-0CR-SLF 80.15 4.73 10.46 
2 550C-5CR-SLF 62.12 3.92 8.36 
3 550C-10CR-SLF 49.11 3.24 6.83 
4 550C-15CR-SLF 41.5 3.12 6.10 
5 550C-20CR-SLF 33.54 2.78 5.65 
6 550C-20CR-MK 34.15 2.84 5.88 
7 550C-20CR-FA 26.36 2.18 4.90 
8 550C-20CR-GGBS 27.2 2.34 5.21 
9 500C-5CR-SLF 58.1 
 
3.66 
 
7.30 
 10 600C-20CR-SLF 35.12 2.94 5.92 
11 600C-20CR-SLF 30.76 2.68 5.36 
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12 550C-20CR-SLF-MK 34.68 2.88 5.88 
13 550C-25CR-SLF-MK 30.16 2.63 5.30 
14 550C-20CR-MK-FA 38.79 3.20 5.97 
15 550C-25CR-MK-FA 36.1 2.90 4.37 
16 550C-30CR-MK-FA 32.86 2.58 3.98 
 
 
Table 4-4 Mechanical properties of tested FRSCRC mixtures (study 1-stage 2) 
 
Mixture 
# 
Mixture designation 
f'c (MPa) STS (MPa) FS (MPa) 
ME 
(GPa) 
7-days 
28-
days 
7-days 
28-
days 
7-days 
28-
days 
28-
days 
SCRC 
1 0CR-SCC 60.9 75.7 4.0 4.5 5.1 5.7 29.4 
2 5CR-SCC 48.9 66.7 3.7 4.1 4.7 5.5 27.5 
3 10CR-SCC 40.1 53.5 3.2 3.8 4.2 5.1 25.7 
4 15CR-SCC 35.6 44.8 3.0 3.6 4.0 4.8 24.7 
5 20CR-SCC 31.5 38.4 2.7 3.3 3.6 4.6 22.0 
6 25CR-SCC 27.6 36.8 2.3 3.0 3.3 4.3 20.0 
7 30CR-SCC 26.5 31.9 2.2 2.7 3.1 3.9 18.7 
FRSCRC 
8 5CR-SCC-0.2SF19 49.0 66.9 3.9 4.4 5.0 5.7 27.7 
9 10CR-SCC-0.2SF19 40.4 54.1 3.5 4.1 4.4 5.4 25.9 
10 15CR-SCC-0.2SF19 35.7 44.8 3.1 3.9 4.2 5.1 24.9 
11 20CR-SCC-0.2SF19 31.8 39.2 3.0 3.6 3.8 4.8 22.1 
12 5CR-SCC-0.2SF38 49.2 67.2 4.3 4.7 5.4 6.2 27.9 
13 10CR-SCC-0.2SF38 40.8 54.4 3.8 4.4 4.7 5.7 26.3 
14 15CR-SCC-0.2SF38 35.8 44.9 3.4 4.2 4.5 5.4 25.4 
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15 5CR-SCC-0.2SF50 49.1 67.0 4.2 4.6 5.2 6.0 27.8 
16 10CR-SCC-0.2SF50 40.7 54.3 3.6 4.3 4.6 5.6 26.1 
17 5CR-SCC-0.2SF27 49.1 66.9 4.0 4.5 5.1 5.9 27.8 
18 10CR-SCC-0.2SF27 40.6 54.2 3.6 4.2 4.5 5.5 26.0 
19 15CR-SCC-0.2SF27 35.8 44.9 3.2 4.0 4.3 5.2 24.9 
20 20CR-SCC-0.2SF27 31.9 39.6 3.0 3.6 3.9 4.9 22.2 
21 5CR-SCC-0.35MF35 50.5 67.6 4.5 5.3 5.6 6.7 28.0 
22 10CR-SCC-0.35MF35 40.5 54.3 4.0 4.7 5.1 6.1 26.7 
23 15CR-SCC-0.35MF35 35.6 44.9 3.6 4.3 4.6 5.6 26.0 
FRVRC 
24 30CR-VC 28.2 33.5 2.3 2.8 3.3 4.2 19.9 
25 30CR-VC-1SF19 23.2 27.2 2.7 3.1 3.8 4.6 20.5 
26 30CR-VC-1SF38 24.1 28.3 3.2 3.8 4.1 5.0 21.9 
27 30CR-VC-1SF50 22.0 25.6 3.0 3.6 4.0 4.9 21.1 
28 30CR-VC-1SF27 24.6 30.5 2.9 3.4 3.9 4.7 21.0 
29 30CR-VC-1SF54 27.5 31.8 3.2 3.8 4.2 5.1 22.4 
30 30CR-VC-1MF35 28.8 33.6 4.0 4.7 5.6 6.6 22.9 
31 30CR-VC-1MF60 30.1 34.7 4.1 4.7 5.7 6.6 23.0 
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Table 4-5 Impact test results of tested FRSCRC mixtures (study 1-stage 2)  
Mixture 
# 
Mixture designation 
Drop-weight test 
Flexural Impact 
loading 
Number of blows IE (J) Numbe
r of 
blows 
IE (J) 
Failure 
N1 N2 N2-N1 Initial Failure 
SCRC 
1 0CR-SCC 141 143 2 2813 2853 76 498 
2 5CR-SCC 153 156 3 3052 3112 92 602 
3 10CR-SCC 160 163 3 3192 3252 128 838 
4 15CR-SCC 185 190 5 3691 3791 153 1002 
5 20CR-SCC 203 209 6 4050 4170 174 1139 
6 25CR-SCC 241 248 7 4808 4948 184 1207 
7 30CR-SCC 267 273 6 5327 5446 164 1074 
FRSCRC 
8 5CR-SCC-0.2SF19 185 203 18 3690 4049 120 786 
9 10CR-SCC-0.2SF19 221 244 23 4408 4867 183 1198 
10 15CR-SCC-0.2SF19 285 311 26 5686 6204 290 1899 
11 20CR-SCC-0.2SF19 354 384 30 7062 7660 328 2148 
12 5CR-SCC-0.2SF38 275 315 40 5486 6284 219 1434 
13 10CR-SCC-0.2SF38 310 365 55 6184 7281 251 1644 
14 15CR-SCC-0.2SF38 420 481 61 8379 9595 305 1997 
15 5CR-SCC-0.2SF50 243 273 30 4847 5446 196 1283 
16 10CR-SCC-0.2SF50 284 324 40 5665 6463 234 1532 
17 5CR-SCC-0.2SF27 201 234 33 4009 4668 150 982 
18 10CR-SCC-0.2SF27 253 292 39 5047 5825 210 1375 
19 15CR-SCC-0.2SF27 315 358 43 6284 7142 295 1932 
20 20CR-SCC-0.2SF27 380 425 45 7581 8478 367 2403 
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Table 4-6  ANOVA results for the effect of CR inclusion and different fibers length on mechanical properties and impact 
resistance of mixtures. 
Property Factor Sum of squares df Mean square F value 
p-value 
Significant 
Prob> F 
Compressive strength 
2
8
-d
ay
 
CR 3039.19 6.00 506.53 4741.890 < 0.0001 Significant 
SF19 0.32 1.00 0.32 0.002 0.965 Not significant 
SF27 0.61 1.00 0.61 0.004 0.951 Not significant 
SF38 0.38 1.00 0.38 0.003 0.959 Not significant 
SF50 0.30 1.00 0.30 0.004 0.958 Not significant 
SLF35 0.54 1.00 0.54 0.004 0.951 Not significant 
STS 
21 5CR-SCC-0.35MF35 337 391 54 6723 7800 252 1650 
22 10CR-SCC-0.35MF35 380 440 60 7581 8778 283 1853 
23 15CR-SCC-0.35MF35 470 534 64 9377 10653 314 2056 
FRVRC 
24 30CR-VC 281 289 8 5606 5766 165 1080 
25 30CR-VC-1SF19 453 538 85 9037 10733 314 2056 
26 30CR-VC-1SF38 605 715 110 12070 14264 600 3929 
27 30CR-VC-1SF50 535 635 100 10673 12668 430 2816 
28 30CR-VC-1SF27 497 592 95 9915 11810 350 2292 
29 30CR-VC-1SF54 645 770 125 12868 15362 900 5893 
30 30CR-VC-1MF35 900 1071 171 17955 21366 1324 8670 
31 30CR-VC-1MF60 992 1172 180 19790 23381 1650 10804 
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2
8
-d
ay
 
CR 4.89 6.00 0.81 15.770 < 0.0001 Significant 
SF19 0.18 1.00 0.18 1.588 0.254 Not significant 
SF27 0.28 1.00 0.28 2.199 0.189 Not significant 
SF38 0.54 1.00 0.54 8.526 0.043 significant 
SF50 0.25 1.00 0.25 5.556 0.143 Not significant 
SLF35 1.31 1.00 1.31 8.253 0.045 significant 
FS 
2
8
-d
ay
 
CR 5.77 6.00 0.96 16.930 < 0.0001 Significant 
SF19 0.13 1.00 0.13 0.824 0.399 Not significant 
SF27 0.28 1.00 0.28 1.675 0.243 Not significant 
SF38 0.60 1.00 0.60 4.198 0.110 Not significant 
SF50 0.25 1.00 0.25 3.125 0.219 Not significant 
SLF35 1.57 1.00 1.57 7.762 0.050 significant 
ME 
2
8
-d
ay
 
CR 151.37 6.00 25.23 565.950 < 0.0001 Significant 
SF19 0.06 1.00 0.06 0.011 0.919 Not significant 
SF27 0.13 1.00 0.13 0.023 0.884 Not significant 
SF38 0.48 1.00 0.48 0.266 0.633 Not significant 
SF50 0.12 1.00 0.12 0.080 0.804 Not significant 
SLF35 1.31 1.00 1.31 0.859 0.407 Not significant 
Drop-weight test 
2
8
-d
ay
 CR 24010000.00 6.00 4002000.00 9.940 0.002 Significant 
SF19 8936000.00 1.00 8936000.00 6.510 0.043 Significant 
SF27 17370000.00 1.00 17370000.00 11.770 0.014 Significant 
SF38 28188000.00 1.00 28188000.00 18.710 0.012 Significant 
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SF50 7686800.00 1.00 7686800.00 29.175 0.033 Significant 
SLF35 48598000.00 1.00 48598000.00 43.577 0.003 Significant 
Flexural Impact loading 
2
8
-d
ay
 
CR 2629000.00 6.00 438100.00 11.080 0.001 Significant 
SF19 750300.00 1.00 750300.00 3.360 0.117 Not significant 
SF27 1210000.00 1.00 1210000.00 5.470 0.058 Not Significant 
SF38 1155000.00 1.00 1155000.00 19.039 0.012 Significant 
SF50 472660.00 1.00 472660.00 16.063 0.057 Not Significant 
SLF35 1619000.00 1.00 1619000.00 39.668 0.003 Significant 
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4.2 Stage 1 - Fresh properties of SCRC mixtures with different SCMs  
4.2.1 Effect of increasing the percentage of CR  
Mixtures 1 to 5 in Table 4-1 show the effect of increasing CR content on the fresh 
properties of SLFSCRC mixtures. In general, increasing the percentage of CR had a 
negative impact on the fresh properties of SLFSCRC mixtures. With 550 kg/m3 binder 
content, it was only possible to use up to 20% of CR to develop successful SLFSCRC 
mixtures. Using more than 20% CR resulted in unsuccessful SCC fresh properties 
(especially the passing ability) according to EFNARC (2005).  
Table 3-3 shows the HRWRA demand to achieve the target slump flow of 700±50mm for 
SLFSCRC mixtures. It can be seen that the inclusion of CR in SLFSCRC mixtures 
slightly increased the HRWRA demand. For example, adding 20% CR increased the 
HRWRA by 13.89% compared to the control mixture (mixture with 0% CR). Table 4-1 
also shows the reduction in unit weight of SLFSCRC mixtures resulted from adding CR. 
It can be observed from the Table that varying the percentage of CR from 0% to 20% 
reduced the unit weight by 5.5%. This reduction in the unit weight is attributed to the 
lower density of CR and the ability of CR to entrap more air in the mixture due to the 
high compressibility of CR particles (Naito et al., 2014). 
The viscosity and flowability of the tested mixtures were assessed by using T50, T50J 
and V-funnel flow times. Table 4-1 and Figure 4-1a show the negative effect of 
increasing the percentage of CR on the flowability of SLFSCRC mixtures. For example, 
increasing the percentage of CR from 0% to 20% resulted in an increase in T50 time by 
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95.5% and similarly, the T50J and V-funnel times were increased by 1.65 and 2.1 times, 
respectively. According to EFNARC (2005), both of SLFSCRC mixtures with 0% and 
5% CR has a T50 less than 2 seconds and V-funnel less than 8 seconds, and therefore, 
they can be classified as VS1/VF1. On the other hand, the SLFSCRC mixtures with 10%, 
15%, and 20% CR meet the limits of VS2/VF2, in which the T50 flow times are more 
than 2 seconds. As a result, all SLFSCRC mixtures with up to 20% CR have a good 
potential to be used in structural application such as slabs, columns, piles, and ramps. 
The L-box ratio (H2/H1) and the difference between slump flow and J-ring diameters 
were used to evaluate the passing ability of SLFSCRC mixtures. Table 4-1 and Figure 
4-1c illustrate the impact of varying the percentage of CR on the passing ability, in which 
increasing the percentage of CR generally reduced the passing ability of SLFSCRC 
mixtures. For example, varying the percentage of CR from 0% to 20% in SLFSCRC 
mixtures reduced the L-box ratio by 13.6%. Similarly, the difference between slump flow 
and J-ring diameters increased from 20 to 55mm as the percentage of CR increased from 
0% to 20%. The reduction in passing ability may be related to the high friction and 
blockage between coarse aggregate and CR particles. Despite the reduction in passing 
ability that resulted from increasing the percentage of CR, all tested SLFSCRC mixtures 
with up to 20% CR met the minimum requirement of successful L-box test (H2/H1 ≥ 
0.75) recommended by the EFNARC (2005). 
The segregation resistance of SLFSCRC is shown in Table 4-1 and Figure 4-1e. As the 
percentage of CR increased the segregation resistance values (SR) increased indicating a 
reduction in the stability of mixtures. For example, increasing the percentage of CR from 
0% to 20% resulted in increasing the SR values from 2.45% to 4.89%. The low density of 
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the rubber (0.95) increased the probability of the rubber particles to float towards the 
concrete surface and therefore, reduced the stability of mixtures. However, all tested 
SLFSCRC mixtures did not exceed the acceptable limit (SR ≤ 15%) recommended by 
EFNARC (2005). 
4.2.2 Effect of binder content  
Table 3-3 indicated that increasing the binder content reduced the required dosage of 
HRWRA to achieve the target slump flow diameter (700±50mm) of SLFSCRC. For 
example, by comparing mixture 2 to mixture 9, it can be noticed that increasing the 
binder content from 500 Kg/m3 to 550 Kg/m3 reduced the required amount of HRWRA 
by 2.6% at the same percentage of CR (5%). Moreover, increasing binder content from 
550Kg/m3 to 600 Kg/m3 at the same percentage of CR (20%) reduced the HRWRA by 
6.1% as shown in mixtures 10 compared to mixture 5. 
The effect of increasing the binder content on the flowability of SLFSCRC mixtures is 
shown in Table 4-1 and Figure 4-1a. Increasing the binder content from 500Kg/m3 to 
550Kg/m3 (mixture 2 compared to mixture 9) enhanced the flowability of SLFSCRC 
which resulted in reductions in the T50, T50J, and V-funnel times by 18.18%, 20.67%, 
and 23.75%, respectively. Same results were observed when the binder content increased 
from 550Kg/m3 to 600 kg/m3 at 20% CR replacement (mixture 5 compared to mixture 
10), such that T50, T50J, and V-funnel times decreased by 10.8%, 7.2%, and 9.3%, 
respectively. These results match with other researchers’ results (Gencel et al., 2011), in 
which increasing the binder content improved the flowability of SCC mixtures with 
polypropylene fibers.    
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Increasing the binder content had a significant effect on improving the passing ability and 
maximizing the percentage of CR that could be used in SLFSCRC (Table 4-1 and Figure 
4-1c). For example, using 500 Kg/m3 binder content (mixture 10) limited the maximum 
percentage of CR that could be used to obtain successful SLFSCRC mixtures to 5% 
[higher percentage of CR resulted in an unacceptable H2/H1 ratio (<0.75)]. On the other 
hand, using 550 kg/m3 and 600 Kg/m3 extend that percentage to 20% and 25%, 
respectively (mixture 5 and mixture 11). It is worth noting that increasing the binder 
content from 500 kg/m3 to 550 Kg/m3 increased the L-box ratio from 76% to 83% at the 
same level of CR replacement (5%), as shown in mixture 2 compared to mixture 9. 
Similarly, increasing binder content from 550 Kg/m3 to 600 Kg/m3 increased the L-box 
ratio and decreased the Slump-J-ring diameters by 4% and 9%, respectively, for the same 
percentage of CR 20% (see mixtures 5 and 10). 
The results of SR indicated a lower risk of segregation when the binder content increased. 
Increasing the binder content from 500 kg/m3 to 550 Kg/ m3 in SLFSCRC mixtures 
reduced the SR value from 4.87% to 3.06% (mixture 9 compared to mixture 2). Similarly, 
increasing the binder content from 550 Kg/m3 to 600 Kg/m3 (mixture 5 compared to 
mixture 10) reduced the SR value by 14.8%, see Figure 4-1e. These results match with 
other researchers’ results (Ismail and Hassan, 2016b), in which increasing binder content 
resulted in a reduction in SR values for SCRC mixtures with MK. 
4.2.3 Performance of SLF compared to other SCM  
Table 4-1 shows the fresh properties of SLFSCRC mixture (mixture 5) compared to some 
successful SCRC mixtures with other SCMs having maximized percentages of CR. All 
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SCRC mixtures with other SCMs (MK, FA, and GGBS) had a maximum percentage of 
CR of 20%, similar to SLF mixture (mixture 5). By looking at Table 3-3, it can be seen 
that using either FA or GGBS (mixtures 7and 8) required the same amount of HRWRA to 
achieve the target slump flow diameter. On the other hand, using MK (mixture 6) 
increased the HRWRA demand by 2.85 times compared to mixtures with FA or GGBS at 
the same level of CR replacement (20%). However, SLFSCRC mixture (mixture 5) 
requires 22.1% less than the MK mixture to achieve the target slump flow diameter of 
700±50mm. 
From Table 4-1 and Figure 4-1b, it can be seen that SLFSCRC mixture (mixture 5) 
showed less flowability compared to mixtures with FA or GGBS. For example, the T50, 
T50J, and V-funnel times increased by 53.2%, 48.7%, and 49.7%, respectively, compared 
to SCRC mixtures with FA (mixture 5 compared to mixture 7). On the other hand, when 
comparing the flowability of SLFSCRC mixture to the mixture with MK (mixture 5 
compared to mixture 6), it can be noticed that the T50, T50J, and V-funnel times were 
decreased by 14.6%, 13.1%, and 26.5%, respectively, indicating better flowability. This 
behavior matches other researchers’ results (Cyr and Mouret, 2003; Hassan et al., 2010; 
Güneyisi, 2010), in which adding SLF to SCC mixtures showed less reduction in 
flowability compared to mixtures with MK. 
By examining mixtures 5-8, it can be noticed that adding MK had a noticeable 
enhancement in the passing ability of SCRC mixture compared to all other SCMs 
mixtures (see Figure 4-1d). Despite that SLFSCRC mixture showed a slight improvement 
in passing ability compared to FA mixture, MK and GGBS mixtures showed better 
passing ability compared to SLFSCRC. However, in general, the addition of MK, SLF, 
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GGBS, and/or FA allowed the use of up to 20% CR in SCRC mixtures and maintained 
acceptable fresh properties.  
Table 4-1 and Figure 4-1f show the segregation resistance values for SCRC mixtures with 
different SCMs (mixtures 5-8). It can be noticed that the addition of SLF considerably 
reduced the segregation resistance value by 26.7% compared to the mixture with FA. 
Nevertheless, using MK has a more pronounced effect on the stability of mixture, in 
which adding MK to SCRC mixture reduced the SR value by 37.48% compared to the 
mixture with FA. The addition of GGBS in SCRC mixture also showed some 
improvement in mixture stability. However, this improvement was relatively small 
compared to that achieved with SLF and MK mixtures. In general, all the tested mixtures 
satisfied the limit given by EFNARC (2005) (SR ≤ 15%), indicating good stability. 
4.2.4 Effect of adding MK to SLFSCRC mixtures 
The addition of MK to SLFSCRC generally improved the segregation resistance and 
passing ability of the mixture. By comparing mixture 12 to mixture 5, it can be noticed 
that the addition of MK to SLFSCRC mixture with 20% CR increased the L-box ratio 
from 0.76 to 0.79, while the difference between slump flow -j-ring diameters showed a 
reduction of 18.18%. This improvement is attributed to the enhancement in mixtures 
viscosity due to the addition of MK which improved the particle suspension and in turn 
helped to increase the passing ability (Hassan et al., 2010). The improvement in the 
passing ability of SLFSCRC with the addition of MK allowed to increase the maximum 
percentage of CR in SLFSCRC mixture from 20% to 25% (mixture 13 compared to 
mixture 5) while maintaining acceptable H2/H1 ratio (≥ 0.75) as recommended by the 
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EFNARC (2005). It should be noted that, although the addition of MK to SLFSCRC 
mixtures negatively affected the flowability and HRWRA demand (Table 3-3, Table 4-1), 
the development of SLFSCRC mixture with up to 25% CR still gave acceptable values of 
T50, T50J, and V-funnel times (see Figure 4-1b, d, and f). 
4.2.5 Effect of combining MK and FA on SCRC mixtures 
Combining MK and FA in SCRC mixtures contributed to enhance the flowability and 
passing ability compared to mixtures with MK and SLF. By comparing mixture 14 to 
mixture 12, it can be seen that combining MK and FA in SCRC mixture with 20% CR 
reduced the T50, T50J, and V-funnel by 3.8%, 9.9%, and 27.8%, respectively, indicated 
an enhanced flowability (see Figure 4-1b). This enhancement can be attributed to the 
effect of FA in enhancing the flowability of the mixture, in addition to the balanced 
viscosity that resulted from combining MK and FA, which improved the particle 
suspension and helped to enhance the mixture passing ability. By comparing mixture 14 
to mixture 5, it can be seen that combining MK and FA in mixture with 20% CR 
increased L-box ratio from 0.76 to 0.79, while the difference between slump and J-ring 
diameters reduced from 55 to 45, indicating a better passing ability compared to mixture 
with SLF (see Figure 4-1d). This improvement in the flowability and passing ability of 
mixtures with combined MK and FA allowed to increase the maximum percentage of CR 
to 30% compared to 20% in mixtures with other SCMs (MK, FA, SLF, and GGBS) and 
25% of mixtures with a combination of MK and SLF. On the other hand, despite 
combining MK with FA showed a negative effect on segregation resistance of SCRC 
 86 
 
mixtures, the development of SCRC mixtures with up to 30% CR still gave acceptable 
values of SR (SR< 15%) according to EFNARC (2005) (see Figure 4-1f).
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Figure 4-1 Fresh properties of SCRC mixtures with different SCMs (Study 1-stage 1) 
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4.3 Stage 1- Mechanical properties of SCRC mixtures with different SCMs 
4.3.1 Effect of increasing the percentage of CR 
Table 4-3 and Figure 4-2a show the 28-day compressive strength, STS, and FS results for 
tested SLF mixtures. It can be observed that increasing the percentage of CR generally 
decreased the mechanical properties of the mixtures. By comparing mixture 5 to mixture 1, 
it can be noted that adding 20% CR to SLFSCRC mixtures decreased 28-day compressive 
strength, STS, and FS by 58.2%, 41.1%, 45.9%, respectively, compared to control mixtures 
(without CR mixture 1). These results may be attributed to i) the lower modulus of 
elasticity for rubber particles compared to mineral aggregates, which simulate the rubber 
particle as a large pore in the concrete matrix that contributes to decrease the resistance to 
external loads (Khaloo et al., 2008); ii) the poor strength of the interface between rubber 
particles and surrounding mortar; iii) the increased entrapped air that resulted from the 
addition of CR, which has a negative impact on the mechanical properties (Najim and Hall, 
2013; Elchalakani, 2015).  
4.3.2 Effect of binder content and SCMs 
As shown in Table 4-3 and Figure 4-2a increasing the binder content improves the 
compressive strength, STS, and FS of SLFSCRC mixture. For example, by examining 
mixture 2 compared to mixture 9, it can be observed that increasing binder content from 
500 Kg/m3 to 550 Kg/m3 enhanced the compressive strength, STS, and FS by 6.9%, 7.1%, 
and 14.4%, respectively. Similar results were noticed when binder content increased from 
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550 Kg/m3 to 600 Kg/m3 at 20% CR level (see mixtures 5 and 10). This result could be 
related to the improvement of the adhesion and interfacial transition zone (ITZ) between 
rubber particles and surrounding mortar with increased binder content.  
The results also indicated that the addition of either MK or SLF had a significant effect on 
the compressive strength, STS, and FS compared to mixtures incorporated with FA. As 
shown in Table 4-3 and Figure 4-2b, using SLF (mixture 5) increased the 28-day 
compressive strength, STS, and FS by 27.24%, 27.52%, and 15.3%, respectively, while 
using MK (mixture 6) showed an increase of 29.55%, 30.27%, and 20%, respectively, 
compared to mixture with FA (mixture 7). This behavior is related to the higher pozzolanic 
reactivity of MK and SLF compared to FA. On the other hand, the addition of GGBS to 
SCRC mixture showed a slight increase in the mechanical properties compared to FA 
mixture, in which the 28-day compressive strength, STS, and FS increased by 3.2%, 7.3%, 
and 6.3%, respectively (mixture 8 compared to mixture 7).   
4.3.3 Effect of adding MK and FA to SCRC mixtures 
Table 4-3 and Figure 4-2b present the mechanical properties results of SLFSCRC mixtures 
with MK. It can be seen that using MK in SLFSCRC mixture slightly enhanced the 
mechanical properties. Adding MK to SLFSCRC mixture with 20% CR (mixture 12) 
increased the 28-day compressive strength, STS, and FS by 3.39%, 3.59%, and 4.07%, 
respectively, compared to SLFSCRC mixture without MK (mixture 5). Table 4-3 and 
Figure 4-2b also show the effect of combining MK and FA on the mechanical properties of 
SCRC mixtures. From the Table, it can be seen that combining MK and FA in the SCRC 
mixture showed a significant enhancement in the mechanical properties compared to 
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SLFSCRC and SLFSCRC with MK. The enhancement in the mechanical properties of 
SCRC mixtures due to the combined effect of MK and FA allowed to use up to 30% CR 
with a reasonable compressive strength for the structural application (more than 25 MPa). 
 
 
Figure 4-2 Mechanical properties of SCRC mixtures with different SCMs (study 1-
stage 1) 
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4.4 Stage 2 - Fresh properties of SCRC/FRSCRC mixtures  
4.4.1 Development of SCRC mixtures without fibers  
HRWRA demand 
In this study, HRWRA was generally used to achieve a slump flow diameter of 700 ± 50 
for the tested SCRC mixtures. Table 3-4 shows the required dosage of HRWRA for 
different percentages of CR in SCRC mixtures. From the table, it can be seen that adding 
up to 25% CR in SCRC mixtures increased the HRWRA demand by 9.3% compared to the 
control mixture (with no CR). Beyond the CR replacement level of 25%, increasing the 
percentage of CR appeared to have a significant impact on decaying the flowability of 
mixtures, which required excessive HRWRA to achieve the targeted slump flow diameter. 
As shown, increasing the percentage of CR up to 30% exhibited an increase in the 
HRWRA reached up to 27.7% compared to the control mixture. These results are in 
agreement with those observed by other researchers (Güneyisi, 2010; Topçu and Bilir, 
2009). 
Viscosity and flowability  
T50, T50J, and V-funnel time were measured to evaluate the viscosity and flowability of the 
developed SCRC mixtures. As shown in Table 4-2 and Figure 4-3a, increasing the 
percentage of CR from 0% to 30% increased the T50, T50j, and V-funnel time by 92.8%, 
80.8%, and 146.1%, respectively. These results may be due to the CR particles having a 
rough and angular surface, which increased the inter-particle friction and thus contributed 
to decaying the flowability of mixtures. EFNARC (2005) classified the mixtures into two 
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categories to assess the viscosity of SCC mixtures based on T50 and V-funnel time. The 
first category, VS1/VF1, includes mixtures with T50 of less than 2 seconds and V-funnel 
time of less than 8 seconds. This category of mixtures has a good filling ability and self-
level ability, but on the other hand, it is more likely to suffer from bleeding and 
segregation. The second category, VS2/VF2, includes mixtures with T50 of more than 2 
seconds and V-funnel time between 9 and 25 seconds. Unlike VS1/VF1, VS2/VF2 is less 
likely to suffer from bleeding as it has the ability to limit segregation and bleeding. Based 
on these categories, and as shown in Table 4-2, only the control mixture can be classified 
as VS1/VF1, while the other SCRC mixtures with up to 30% CR can be classified as 
VS2/VF2. As per EFNARC (2005), both VS1/VF1 and VS2/VF2 can be successfully used 
in multiple structural applications such as slabs, columns, piles, walls, and ramps. 
Passing ability  
The L-box (H2/H1) ratio and the difference between slump and J-ring diameter were 
measured to assess the passing ability of the tested mixtures. Table 4-2 and Figure 4-3b 
indicate that the passing ability of mixtures was negatively affected by the inclusion of CR. 
Increasing the percentage of CR from 0% to 30% exhibited a reduction in the L-box ratio 
of up to 18%. Similar behavior was observed when the difference between slump flow and 
J-ring diameters was calculated: varying the percentage of CR from 0% to 30% increased 
the difference between slump flow and J-ring diameters from 10mm to 70mm. Such 
behavior may be attributed to high friction between the angular CR particles and the other 
components of the mixture, which could increase the possible occurrence of a blockage in 
both L-box and J-ring devices. This indicates a declined passing ability as the percentage 
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of CR increases. However, it should be noted that all the tested mixtures in this stage met 
the acceptable limits given by EFNARC (2005) (H2/H1= 0.75). 
Segregation resistance  
A sieve segregation resistance test was performed to assess the stability of mixtures. Table 
4-2 and Figure 4-3c indicate that the mixture stability decreased as the percentage of CR 
increased. The segregation resistance factor (SR) increased from 2.08 to 8.33 as the 
percentage of CR increased from 0% to 30%. These results are in agreement with other 
researchers’ findings (Topçu and Bilir, 2009). In this stage, all the tested mixtures (with 
CR percentage from 0% to 30%) did not exceed the acceptable limit (SR ≤ 15%) for SCC 
mixtures, as recommended by EFNARC (2005). Besides the sieve segregation test, a 
hardened split cylinder was visually inspected for each developed mixture to evaluate the 
CR distribution along the concrete sample. Since the CR particles have a relatively low 
density of 0.95, in the case of mixtures with low viscosity, the particles may move upward 
to float on the concrete surface after concrete pouring. From Figure 4-4, it can be observed 
that mixtures with up to 30% CR seemed to have a good distribution of CR particles along 
the splitted samples, which confirms that the developed mixtures have sufficient viscosity 
to achieve adequate particle suspension. 
4.4.2 Development of SCRC mixtures with fibers  
HRWRA demand 
As shown in all mixtures with fibers (mixtures 8–11, mixtures 12–14, mixtures 15–16, 
mixtures 17–20, and mixtures 21–23) compared to mixtures without fibers (mixtures 2–5), 
using fibers regardless of their type, generally increased the amount of HRWRA required 
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to achieve the target slump flow diameter of 700 ± 50mm (Table 3-4). On the other hand, 
increasing the length of SFs (from 19mm to 50mm) did not have a significant effect on the 
amount of HRWRA needed, raising the demand by 5.08%. The results also showed that 
mixtures with semi-rigid SFs (SF27) and MFs seemed to require a lower dosage of 
HRWRA compared to mixtures with other SFs to achieve the target slump flow diameter 
(700 ± 50mm). 
Viscosity and flowability  
By comparing SFSCRC mixtures (mixtures 8–11, mixtures 12–14, mixtures 15–16, 
mixtures 17–20, and mixtures 21–23) to mixtures with no fibers (mixtures 2–5), it can be 
seen that the addition of fibers decreased the flowability of SCRC mixtures (see Table 4-2 
and Figure 4-5(a, b, and c)). For example, the inclusion of 0.2% flexible SF19 raised the 
T50, T50j, and V-funnel time by an average of 2.5%, 3.5%, and 7.5%, respectively, as 
shown in mixtures 8–11 compared to mixtures 2–5. Such results could be due to the 
interference and blockage exerted by the fibers, which in turn limited the ability of the 
fresh mixture to flow freely under its own weight. By examining mixtures with SF19 vs. 
SF38 vs. SF50, it can be noticed that increasing the fiber length appeared to heighten the 
interference and blockage in the mixtures, thus leading to higher reductions in flowability. 
As shown in Table 4-2, using 50mm SFs (SF50) in mixtures 15–16 showed relatively 
higher increases in the T50, T50j, and V-funnel time up to 7.1%, 8.2%, 23.2% (on average), 
respectively, compared to mixtures with 38mm SFs (SF38) in mixtures 12–14. Meanwhile, 
adding 38mm SFs (SF38) in mixtures 12–14 increased the T50, T50J, and V-funnel time by 
an average of 8.6%, 21.3%, and 35.2%, respectively, compared to mixtures with 19mm 
SFs (SF19) in mixtures 8–11. It should be noted that although using fibers in SCRC 
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mixtures resulted in decaying the mixtures’ flowability, all the developed mixtures in this 
stage met the limits of VS2/VF2 class given by EFNARC (2005). This result shows 
promising potentials for different structural applications such as slabs, floors, piles, walls, 
and ramps. 
Passing ability  
The passing ability of SCRC mixtures was negatively affected by the inclusion of SFs, as 
shown in Table 4-2 and Figure 4-5(d and e). This reduction was attributed to the high 
friction and blockage from fibers, CR, and coarse aggregates at the vertical steel bars in 
both L-box and J-ring devices. By comparing mixtures 2–5 to mixtures 8–11, it can be seen 
that adding SF19 slightly decreased the L-box ratio by 2.7% (on average), while the 
difference between slump flow and J-ring diameters increased by an average of 1.27 times. 
The drop in the passing ability increased as the length of SFs increased. This is because the 
possibility of blockage occurrence through steel rods of both L-box and J-ring devices was 
increased. For example, using 50mm SFs (SF50) in mixtures 15–16 exhibited a reduction 
in the L-box ratio reaching up to 8% (on average) and an average increase in the difference 
between slump flow and J-ring diameters reaching up to 2.5 times as much as mixtures 8–
11 that used 19mm SFs (SF19). In the developed mixtures, the passing ability was 
negatively affected more by the inclusion of SFs than by MFs, and this made it possible for 
MFs to be used with a volume up to 0.35% compared to 0.2% used with SFs. Such results 
can be attributed to the fact that for a given volume, the low density of SFs compared to 
MFs greatly increased the number of single fibers, which increased the blockage and 
interference. In addition, the flexibility of SFs allows fibers to bend around the mixture’s 
components, especially the coarse aggregate, which heightens the interlocking/interference 
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between the mixture’s components, resulting in a significant reduction in the passing 
ability of FRSCRC mixtures. The inclusion of fibers also reduced the maximum percentage 
of CR that can be added to produce acceptable FRSCRC mixtures. For example, a 
maximum of 20% CR could be used with flexible SF19 mixtures compared to a maximum 
of 30% CR used in mixtures without fibers. Increasing the length of SFs seemed to reduce 
the maximum percentage of CR that can be safely used in developing FRSCRC mixtures 
with acceptable fresh properties. As shown, in mixtures with SF38 the maximum 
percentage of CR was 15%, while with SF50 the most successful mixtures contained 10% 
CR. Further increases in the amount of CR and/or fibers showed a higher blockage in the 
L-box and J-ring tests, which dropped the passing ability below the acceptable limits given 
by EFNARC (2005) (L-box value ≥ 0.75). In the case of both 0.35% MF35 and 0.2% semi-
rigid SF27, the maximum percentage of CR reached 15% and 20%, respectively. It should 
be noted that it was not possible to develop FRSCRC mixtures with semi-rigid 54mm SFs 
or 60mm MFs because the distance between the steel bars of the L-box and J-ring devices 
was relatively narrow (41mm and 58.9mm, respectively), making it difficult for such rigid 
fibers to pass through.  
Segregation resistance  
From the results in Table 4-2, mixtures 8–11 compared to mixtures 2–5, it can be observed 
that the inclusion of 19mm SFs did not show a confirmed effect on the segregation 
resistance. However, further increase in the fiber length (38mm and 50mm) was found to 
decrease the stability of mixtures, in which SF38 and SF50 increased the SR value by an 
average of 23.6% and 49.2%, respectively, compared to mixtures without fibers (mixtures 
12–14 and mixtures 15–16 compared to mixtures 2–4). Similarly, the inclusion of MF35 in 
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FRSCRC mixtures increased the SR value by an average of 7.1% compared to mixtures 
without fibers (as shown in Figure 4-5f). However, all the tested FRSCRC mixtures 
satisfied the limit given by EFNARC (2005) (SR ≤ 15%), indicating good stability.  
4.4.3 Development of VRC mixtures with higher volumes of CR and fibers 
Workability  
Table 4-2 shows that increasing the percentage of fibers negatively affected the workability 
of VC mixtures, similar to the fibers’ effects on the flowability of SCRC and FRSCRC 
mixtures. By comparing mixtures 25–31 to mixture 24, it can be observed that at a constant 
HRWRA of 3.18 l/m3 (Table 3-4), increasing the length of SFs or MFs showed a reduction 
in the slump values. As shown from the slump test, the inclusion of 1% from flexible fibers 
SF19, SF38, or SF50 decreased the slump by 8.5%, 21.1%, 31.6%, respectively, and for 
the semi-rigid fibers of SF27 and SF54 these reductions reached up to 15.1% and 34.2%, 
respectively. A similar trend of results was found in MFs mixtures, in which adding 1% 
volume fraction from MF35 and MF60 led to a decrease in the slump flow by 15.8% and 
42.1%, respectively.  
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Figure 4-3 Effect of CR replacement on the fresh properties of SCRC (mixtures 1–7): 
(a) T50, T50J, and V-funnel, (b) passing ability, (c) segregation resistance 
 
 
 
Figure 4-4 Distribution of CR particles: (a) 5% CR, (b) 15% CR, and (c) 30% CR 
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Figure 4-5 Effect of different types and sizes of fibers on the fresh properties of 
FRSCRC (mixtures 8–23): (a) T50; (b) T50J; (c) V-funnel; (d) L-box; (e) Slump-J-ring; 
(f) segregation resistance 
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4.5 Stage 2- Mechanical properties of SCRC/FRSCRC mixtures 
4.5.1 Compressive strength 
Table 4-4 and Figure 4-6 (a and b) show the 7- and 28-day compressive strengths for 
different percentages of CR. The addition of CR in SCC mixtures led to a reduction in the 
compressive strength, in which increasing the percentage of CR from 0% to 30% reduced 
the 7- and 28-day compressive strengths by 56.5% and 58%, respectively. As stated in 
previous studies, this behavior may be attributed to (a) the poor strength of rubber-mortar 
interface (Topcu, 1995), which encourages the initiation and propagation of microcracks; 
(b) the rough surfaces of CR particles, which entraps air at the surface (Reda Taha et al., 
2008), thus increasing the porosity of mixtures; and (c) the low stiffness of CR compared 
to other mixture compositions, which makes the rubber particles act as large pores and in 
turn reduces the effective cross-section (Khaloo et al., 2008). 
Table 4-4 and Figure 4-6 (c and d) indicate that the addition of fibers to SCRC mixtures 
appeared to insignificantly affect the compressive strength, in which the maximum 
increases in the compressive strength reached up to 1.2% and 3.2% due to the inclusion of 
0.2% SFs and 0.35% MFs, respectively. The results also indicated that the compressive 
strengths were not significantly affected by changing the length of SFs (from 19mm to 
50mm), as shown in Table 4-4.  
Table 4-4 and Figure 4-6 (e and f) also show the 7- and 28-day compressive strengths of 
VRC and FRVRC mixtures at 30% CR reinforced with different types and lengths of 
fibers. It can be seen that VRC exhibited a slight increase in the 7- and 28-day compressive 
strengths, reaching up to 6.65% and 5.05%, respectively, compared to its SCRC 
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counterpart (mixture 24 compared to mixture 7). The inclusion of high percentage of SFs 
(1%) appeared to reduce the compressive strength, in which adding 1% SF19 led to a 
reduction in 7- and 28-day compressive strengths by 17.8% and 18.9%, respectively 
(mixture 25 compared to mixture 24). The same behavior was noticed when SF38 and 
SF50 were added. Such results may be attributed to the low stiffness of SFs, which can 
create weak zones when the fibers accumulate, forming soft fiber balls during mixing. 
Increasing the rigidity of the fibers helped to reduce the negative effect of adding a high 
percentage of SFs in VRC mixtures. For example, adding semi-rigid SFs (SF54) slightly 
decreased the 7- and 28-day compressive strengths by 2.4% and 5.3%, respectively 
(mixture 29 compared to mixture 24). Moreover, using the same percentage of MFs 
resulted in a slight increase in compressive strength (mixtures 30 and 31 compared to 
mixture 24). 
The effects of CR and fibers on the compressive strength were further confirmed after 
performing an analysis of variance (ANOVA). The results of ANOVA are presented in 
Table 4-6. At 5% significant level, the addition of CR had a significant effect on the 
compressive strength while using fibers showed insignificant effect (see Table 4-6). 
4.5.2 Tensile and flexural strength   
 
Table 4-4 and Figure 4-7 and Figure 4-8 (a and b) show the 7- and 28-day FS and STS 
values for SCRC mixtures with different percentages of CR. It can be seen that adding CR 
to SCC mixtures reduced FS and STS, in which adding 30% CR reduced the 7- and 28-day 
STS by 45.1% and 40.3%, respectively (mixture 7 compared to mixture 1) (see Figure 4-7 
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(a and b)). Similarly, varying the CR percentage from 0% to 30% reduced the 7- and 28-
day FS by 38.8% and 31.7%, respectively (mixture 7 compared to mixture 1) (see Figure 
4-8 (a and b)). These reductions in STS and FS may be related to the same reasons that 
caused a reduction in the compressive strength (Khaloo et al., 2008; Najim and Hall, 2010; 
and Reda Taha et al., 2008) 
It is also observed from Table 4-4 and Figure 4-7 and Figure 4-8 that the inclusion of SFs 
in SCRC mixtures increased the 7- and 28-day FS and STS. For example, by comparing 
mixtures 8–11 to mixtures 2–5, it can be noticed that using SF19 increased the 7- and 28-
day STS by an average of 7.7% and 8.2%, respectively, while the 7- and 28-day FS 
increased by an average of 4.9% and 5.9%, respectively. Similarly, as shown in Table 4-4 
and Figure 4-7 (c and d), adding semi-rigid SFs (SF27) appeared to increase the 7- and 28-
day STS by an average of 10.05% and 9.9%, respectively, (mixtures 17–20 compared to 
mixtures 2–5). The 7- and 28-day FS also increased by an average of 7.7% and 7.22%, 
respectively, when semi-rigid SFs were added (mixtures 17–20 compared to mixtures 2–5) 
(see Figure 4-8 (c and d)). The increase of STS and FS with the addition of fibers is 
attributed to the role of fibers in restricting the widening and propagation of cracks, in 
addition to the fibers’ bridging mechanism, which helps transfer the stresses through the 
cracked section, providing a residual strength for concrete (Jun et al., 2016; Lee et al., 
2016; Ganesan et al. 2013).  
The 7- and 28-day STS and FS increased as the fiber length increased from 19mm to 
38mm. For example, using 38mm SFs (SF38) (mixtures 12–14) increased the 28-day STS 
and FS by an average of 15.6% and 12.4%, respectively, compared to mixtures without 
fibers (mixtures 2–3), while these increases were 7.18% and 6.84% (on average) for 19mm 
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SFs mixtures (mixtures 8–10) (see Figure 4-7d and Figure 4-8d). This increase can be 
attributed to the fact that longer fibers can develop higher bonding with surrounding 
mortar, which can contribute to increasing the pullout strength of fibers. Such an increase 
can effectively promote the role of fibers in arresting the cracks and transferring the tensile 
stress across the crack’s faces (Ghernouti et al., 2015). It should be noted that by visual 
inspection of the failed samples, 19mm and 27mm SFs appeared to fail under pullout 
failure while 38mm and 50mm SFs appeared to fail under tensile failure. On the other 
hand, mixtures with 38mm SFs (SF38) appeared to have better STS and FS strengths 
compared to mixtures with 50mm SFs (SF50) (mixtures 12–14 compared to mixtures 15–
16). This could be attributed to the higher tensile strength of SF38 compared to SF50 (as 
shown in Table 3-2). This finding indicates that in the case of using fibers long enough to 
assure adequate pullout strength (pullout failure is not dominant), the tensile strength of 
fibers can be the key factor controlling how fibers contribute to the STS of concrete. In 
general, the results indicated that mixtures containing MF35 (mixtures 21–23) showed the 
highest improvements in STS and FS.  
Table 4-4 and Figure 4-7 and Figure 4-8 also showed that at the same level of CR 
replacement (30%) the VRC showed slightly enhanced STS and FS compared to SCRC 
mixtures (mixture 24 compared to mixture 7). These increases in the 7- and 28-day STS 
reached up to 5.4% and 3.4%, respectively, while the increases in the 7- and 28-day FS 
reached up to 6.4% and 7.4%, respectively. Using a high percentage of SFs (1%) increased 
the STS and FS of VRC mixtures, as shown in Figure 4-7 (e, f) and Figure 4-8 (e, f). By 
comparing mixture 25 to mixture 24, it can be seen that adding 1% SF19 increased the 7- 
and 28-day STS by 17.2% and 12.3%, respectively. These increases reached up to 13.2% 
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and 10.2% in the 7- and 28-day FS, respectively. Similar to SCRC, the STS and FS of 
VRC increased as the fiber length/rigidity increased. The inclusion of semi-rigid SFs 
(SF54) appeared to have the greatest effect on improving the STS and FS in VRC 
compared to the other SFs, in which the STS and FS increased by 37.9% and 21.6%, 
respectively, compared to the mixture without fibers (mixture 24). By comparing the 
results of mixtures with SFs and MFs, it can be clearly observed that the use of MFs 
exhibited higher improvements in the STS and FS (mixtures 30–31 compared to mixtures 
25–29). These results could be related to the higher tensile strength provided by MFs. 
Generally, adding 1% SFs appeared to significantly compensate for the reductions in the 
STS and FS resulting from adding 30% CR. For example, adding 30% CR (mixture 24 
compared to mixture 1) resulted in a 37.5% average reduction in STS and FS, while when 
adding 1% SFs (SF54 in mixture 29) this reduction was compensated by 61%. Meanwhile, 
adding 1% MFs seemed to provide a full recovery from the reduction in STS and FS 
resulting from adding 30% CR (mixtures 30 and 31 compared to mixture 1). However, 
using SFs has an advantage over MFs by developing light/semi-lightweight concrete.  
The effect of CR and fibers on the STS and FS were also tested using ANOVA (see Table 
4-6). The results indicated that only CR, SF38, and MF35 had a significant effect on the 
STS and FS at 5% significant level.  
4.5.3 Modulus of elasticity 
The ME results for all tested mixtures are presented in Table 4-4. As shown in mixtures 1–
7, increasing the percentage of CR decreased the ME of SCRC mixtures. For example, 
increasing the percentage of CR from 0% to 30% decreased the ME by 36.32%. The reason 
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for this decrease is due to the low stiffness of CR compared to the replaced sand, which in 
turn reduced the ME. 
By looking at mixtures 8–23 compared to mixtures 2–5 and mixtures 25–31 compared to 
mixture 24, it can be observed that the ME was insignificantly affected by fiber volume, 
length, and rigidity. For example, adding SF19 to SCRC mixtures reduced the ME by an 
average of 6.3% (mixtures 8–11 compared to mixtures 2–5). This may be related to the low 
ME of SFs, which led to decreases in the stiffness of mortar and in turn reduced the overall 
ME. Also, by comparing mixtures 8–11 to mixtures 15–16, increasing the fiber length from 
19mm to 50mm slightly increased the ME by an average of 5%. However, SF38 showed 
better improvement in ME compared to SF50. This could be related to the higher tensile 
strength of SF38 compared to SF50 (as shown in Table 3-2).  
The results also showed that the VRC mixture (mixture 24) exhibited a slightly higher ME 
compared to its counterpart SCRC (mixture 7) by a value of 6.4%. For mixtures 25–31, it 
can be seen that increasing the fiber volume showed an insignificant increase in the ME, in 
which increasing the fiber percentage from 0% to 1% increased the ME by an average of 
9.6%.  Increasing the fiber length also exhibited an insignificant increase in ME, as shown 
in Table 4-4. The ANOVA results of the effect of CR and different fiber types/lengths on 
the ME are presented in Table 4-6. From the table, it can be seen that only CR had a 
significant effect on the ME at 5% significant level. 
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4.6 Impact resistance of SCRC/FRSCRC mixtures  
4.6.1 Impact resistance under drop-weight test 
Table 4-5 and Figure 4-9 show the impact resistance results under drop-weight test for all 
tested mixtures. The results show that the addition of CR generally helped to improve the 
impact resistance of concrete in terms of a number of blows that were required to cause the 
first visible crack (N1) and failure crack (N2) of the tested specimens. By looking at 
mixtures 1–7, it can be observed that increasing the percentage of CR from 0% to 30% 
increased N1 and N2 by 89% and 91%, respectively. This behavior is related to the low 
stiffness of rubber particles, which obviously increased the energy absorption of rubber-
cement composites compared to mixtures without CR. It can also be noticed that increasing 
the percentage of CR resulted in an increase in the difference between a number of blows 
for ultimate failure and first crack (N2-N1), which indicates an increase in the post-cracking 
resistance and a reduction in the brittleness of SCRC mixtures (Figure 4-9 (a and b)). 
By comparing mixtures 8–11, 12–14, 15–16, 17–20, and 21–23 to mixtures 2–5, it can be 
seen that adding fibers to SCRC mixtures enhanced the impact resistance. For instance, 
adding SF19 increased N1 and N2 by an average of 49.2% and 49%, respectively, as shown 
in Figure 4-9 (c and d). In addition, the inclusion of fibers significantly increased the 
difference between N2 and N1, indicating higher ductility and post-cracking behavior. 
These results may be attributed to the beneficial effect of fibers in arresting the cracks and 
transferring the stress through the bridging action. It is also noted that increasing the fiber 
length enhanced the impact resistance of SFSCRC mixtures. For example, increasing the 
length of SFs from 19mm (SF19) to 38mm (SF38) increased N1 and N2 by an average of 
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36.2% and 44.4%, respectively, as shown in Table 4-5 and Figure 4-9 (c and d) (mixtures 
8–11 compared to mixtures 12–14). This could be related to the fact that the use of longer 
fibers helped to develop better bonding between fibers and concrete matrix, which in turn 
enhanced the role of fibers in arresting the cracks. Using SF50 also showed an 
improvement in impact resistance. However, this improvement was less than that induced 
by the inclusion of SF38 (due to similar reasons explained earlier in STS and FS results). It 
is worth noting that the improvement in impact resistance is more pronounced in mixtures 
with MFs compared to mixtures with SFs. This may be related to the higher tensile 
strength and the larger volume of MFs compared to SFs (0.35% compared to 0.2%). 
As shown in Table 4-5 and Figure 4-9 (e and f), the results of impact resistance indicated 
that the VRC mixture with 30% CR (mixture 24) had a slightly increased N1 and N2 
compared to its SCRC counterpart. The results also showed that combining a high 
percentage of CR and fibers helped to develop concrete with a promising ability to sustain 
high-impact loads. In mixtures with 30% CR, increasing the percentage of fibers greatly 
enhanced the impact resistance, in which adding 1% SF19 increased N1 and N2 by 61.2% 
and 86.12%, respectively, compared to the mixture without fibers (mixture 24) (see Table 
4-5 and Figure 4-9 (e and f)). Increasing the fiber length significantly increased the impact 
energy required to break the specimens. For example, increasing the fiber length from 
19mm (SF19) to 50mm (SF50) increased N1 and N2 by 1.18 and 1.19 times, respectively 
(Figure 4-9). However, similar to FRSCRC mixtures, the higher tensile strength of SF38 
contributed to achieving greater impact resistance compared to that obtained by SF50 
(mixture 26 compared to mixture 27). The SF54 used in VRC had the greatest effect on 
improving the impact resistance compared to the other SFs. The inclusion of SF54 
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increased the N1 and N2 by 2.29 and 2.66 times, respectively, compared to the mixture 
without fibers (mixture 24). The addition of MFs appeared to be the most effective type of 
fiber to enhance the impact energy of concrete. Compared to mixture 24, using MF35 and 
MF60 (mixtures 30 and 31) increased N1 by 3.2 and 3.53 times, respectively, and N2 by 3.7 
and 4.1 times, respectively (Figure 4-9 (e and f)).  
By comparing the failure patterns shown in Figure 4-10, it can be seen that the inclusion of 
CR changed the failure pattern from one single big crack (Figure 4-10a) to three intersected 
small cracks (Figure 4-10b). It can also be observed that combining fibers with rubber in 
the mixture further increased the cracks number and reduce their widths (Figure 4-10c and 
Figure 4-10d). The significance of the effects of CR and different fiber types/lengths on the 
impact resistance (drop weight test) were presented by ANOVA (Table 4-6). The results 
indicated that the CR and all types of fibers had a significant effect on the impact resistance 
at 5% significant level. 
4.6.2 Impact resistance under flexural loading 
 
The results of the impact resistance under flexural loading for all tested mixtures are 
presented in Table 4-5. From the table, it can be seen that adding CR to concrete mixtures 
helped to enhance impact resistance. In mixtures, 1–7, the addition of 25% CR appeared to 
have the optimal effect on improving the impact energy of SCRC, while further increases 
in the percentage of CR led to less improvement. Varying the percentage of CR from 0% to 
25% increased the ultimate impact energy by 2.42 times while adding 30% CR exhibited 
an improvement of 2.16 times higher than the control mixture. This result could be 
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attributed to that at a high percentage of CR, the volume of poor-strength ITZ between 
rubber and cement increased (Najim and Hall, 2012; Emiroglu et al., 2007). This, in turn, 
allowed for the initiation and propagation of more cracks between CR particles and the 
surrounding matrix, which limited the ability of rubber to enhance the energy absorption of 
concrete. It is worth noting that the optimum percentage of CR in beams subjected to 
flexural impact loading was 25%, while the results of the drop-weight test showed an 
increase in the impact resistance as the percentage of CR increased up to 30%. This may be 
related to the fact that the poor-strength ITZ is more susceptible to the higher tensile stress 
generated in the flexural loading test compared to the drop-weight test. 
Adding fibers to SCRC mixtures generally enhanced the impact resistance and ductility of 
tested mixtures. For example, adding SF19 increased the ultimate impact energy of tested 
beams by an average of 68.3% compared to mixtures without fibers (mixtures 8–11 
compared to mixtures 2–5). Increasing the fiber length had a significant effect on the 
ultimate impact energy; using SF38 increased the ultimate impact energy by an average of 
88.9% compared to mixtures without fibers (mixtures 2–4). However, adding SF50 showed 
less of an improvement in the ultimate impact energy than that obtained by adding SF38. 
This behavior may be related to the same reasons explained earlier for impact resistance 
under the drop-weight test. Using of MFs in SCRC mixtures showed the highest 
improvement in ultimate impact energy (mixtures 21–23) compared to mixtures containing 
SFs. 
Table 4-5 also shows that VRC mixture with 30% CR (mixture 24) had similar behavior to 
its SCRC counterpart (mixture 7), indicating an insignificant effect of concrete type on the 
ultimate impact energy. Combining high percentage of CR with fibers greatly enhanced the 
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ultimate impact energy of concrete. For example, using a combination of 1% SF19 and 
30% CR in the VRC mixture (mixture 25) increased the ultimate impact energy by 4.13 
times compared to the mixture without fibers and/or CR (mixture 1). By examining the 
investigated SFs, it can be seen that the highest increase in the ultimate impact energy was 
achieved when SF54 was added. This increase reached up to 5.45 times compared to the 
mixture without fibers (mixture 24). The results prove that MFs were the most effective 
type of fiber to improve the impact energy, in which adding MF35 and MF60 increased the 
ultimate impact energy by 8 and 10 times, respectively, compared to the mixture without 
fibers (mixture 24). 
The ANOVA results of the effects of CR and different fiber types/lengths on the flexural 
impact resistance are presented in Table 4-6. From the table, it can be seen that only CR, 
SF38, and SLF35 had a significant effect on the flexural impact resistance at 5% 
significant level. 
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Figure 4-6  7- and 28-day compressive strengths: (a, b) effect of CR on SCRC; (c, d) 
effect of different types of fiber on SCRC; (e, f) effect of CR and different types of 
fiber on VRC 
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Figure 4-7  7- and 28-day STS: (a, b) effect of CR on SCRC; (c, d) effect of different 
types of fiber on SCRC; (e, f) effect of CR and different types of fiber on VRC  
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Figure 4-8  7- and 28-day FS: (a, b) effect of CR on SCRC; (c, d) effect of different 
types of fiber on SCRC; (e, f) effect of CR and different types of fiber on VRC 
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Figure 4-9  Results of impact resistance for the cylindrical specimens under drop-
weight test: (a, b) effect of CR on SCRC; (c, d) effect of different types of fiber on 
SCRC; (e, f) effect of CR and different types of fiber on VRC 
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(a)                                  (b) 
 
                                                                  (C)                                   (d) 
 
Figure 4-10 Failure patterns: (a) plain specimen, (b) specimen with CR, (c) specimen 
with CR and MFs, (d) Specimen with CR and SFs 
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5 Discussion of results from experimental study 2: influence of SFs’ 
type, length, and volume on enhancing the structural performance of 
rubberized concrete 
 
5.1 Introduction 
This chapter highlights the results and discussion of the flexural behavior of rubberized 
concrete beams reinforced with SFs. The concrete mixtures used in this study were 
optimized from study 1. The main objective of this study is to investigate the flexural 
behavior of rubberized concrete beams reinforced with different types, lengths, and 
volumes of SFs. Different SCRC and VRC with different percentages of CR and SFs 
were tested. The main parameters were the percentage of CR (0%, 10%, 15%, 20%, and 
30% by volume of sand), type of SFs (MISFs and MASFs), length of SFs (19mm, 38mm, 
50mm, 54mm), and volume of SFs (0%, 0.2%, and 1%). The flexural performance of the 
tested beams was assessed based on the characteristics of load-deflection curves, flexural 
stiffness, cracking behavior, displacement ductility, energy absorption, first cracking 
moment, and bending moment capacity. Table 5-1 summarizes the fresh properties, 
compressive strength, and STS of SCRC and SFSCRC tested beams’ mixtures. Table 5-2 
presents the results obtained from the flexural tests. The results and discussions presented 
in this chapter have been published in the paper number nine mentioned earlier at the 
beginning of this thesis. 
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Table 5-1 Fresh and mechanical properties for tested mixtures 
Mix  
# 
Mixtures 
SCC/SCRC/SFSCRC 
T50 
(sec) 
V-funnel 
(sec) 
L-box ratio  
(H2/H1) 
HRWRA 
(kg/m3) 
f’c 
(MPa) 
STS 
(MPa) 
1 SCC-0CR 1.98 7.21 0.92 3.43 65.6 4.21 
2 SCC-10CR 2.71 9.43 0.85 3.75 50.48 3.75 
3 SCC-15CR 3.01 10.60 0.81 3.75 45.77 3.59 
4 SCC-20CR 3.23 10.89 0.78 3.75 39.2 3.25 
5 SCC-20CR-0.2MISF19 3.33 12.0 0.76 6.40 39.5 3.49 
6 SCC-15CR-0.2MASF38 3.24 15.25 0.78 6.30 46.91 4.11 
7 SCC-10CR-0.2MASF50 3.11 16.16 0.76 6.30 51.32 3.96 
 Mixtures  
VRC/SFVRC 
Slump 
(mm) 
HRWRA 
(kg/m3) 
f’c 
(MPa) 
STS 
(MPa) 
8 VC-30CR 190 3.18 33.5 2.79 
9 VC-30CR-1MISF19 175 3.18 28.6 3.21 
10 VC-30CR-1MASF38 145 3.18 28.1 3.42 
11 VC-30CR-1MASF50 130 3.18 27.8 3.26 
12 VC-30CR-1MASF54 125 3.18 29.6 3.31 
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Table 5-2 Results of flexure test 
Beam # 
  
Designation  
  
Moment Capacity (kN.m) Deflection (mm) 
Ductility 
  
Energy 
absorption 
(kN.m)  
Failure 
type 
  
Cracking at the failure 
stage 
First Crack Ultimate  yield ultimate Number 
Maximum width 
(mm) 
B1 SCC-0CR 10.89 91.28 12.5 35.50 2.84 7.49 flexure 20 3.5 
B2 SCC-10CR 8.17 85.78 12.2 37.50 3.07 7.87 flexure 22 3.0 
B3 SCC-15CR 7.57 82.15 12.0 38.50 3.20 8.14 flexure 22 2.8 
B4 SCC-20CR 6.92 79.00 12.8 36.50 2.85 7.00 flexure 20 2.5 
B5 SCC-20CR-0.2MISF19 7.08 80.44 13.0 37.83 2.91 7.27 flexure 22 2.7 
B6 SCC-15CR-0.2MASF38 8.34 85.60 12.2 41.50 3.40 9.22 flexure 26 3.2 
B7 SCC-10CR-0.2MASF50 8.71 88.44 12.5 39.72 3.18 8.60 flexure 24 3.3 
B8 VC-30CR 6.36 68.46 11.5 24.69 2.15 4.80 flexure 18 2.2 
B9 VC-30CR-1MISF19 6.75 72.18 11.8 28.61 2.42 5.44 flexure 20 2.6 
B10 VC-30CR-1MASF38 8.16 83.10 12.6 35.06 2.78 6.55 flexure 25 3.5 
B11 VC-30CR-1MASF50 7.30 74.76 11.8 30.10 2.55 8.85 flexure 21 2.9 
B12 VC-30CR-1MASF54 7.68 78.32 12.4 33.04 2.66 7.96 flexure 22 3.1 
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5.2 Load-deflection curves  
 
Figure 5-1 shows the load-deflection curves for all tested beams. From the figure, it can 
be seen that for all tested beams the load-deflection curves start with a high slope up to 
the first cracking load. Beyond the first cracking load, the slope of the curves starts to 
decrease gradually as the applied load increases. This can be explained by the increased 
number of developed cracks that resulted from increasing the applied load, which 
contributed to decreasing the stiffness of the tested beam. By increasing the load 
application, the longitudinal reinforcement in the tension zone started to yield. After 
reaching the yield point, the slope of the load-deflection curves significantly decreased, in 
which high deformation was observed versus a slight increase in the applied load up to 
the ultimate load. Figure 5-1a shows the load-deflection curves for SCRC beams with 
varying percentages of CR from 0% to 20%. It can be seen that increasing the percentage 
of CR generally decreased the flexure stiffness of the tested beam (decrease of the slope 
of the load-deflection curve). This reduction in the flexure stiffness may be attributed to 
the low modulus of elasticity of CR particles compared to the replaced fine aggregate, 
which in turn decreased the overall stiffness of tested beams (Ismail and Hassan, 2017). 
Table 5-2 shows the ultimate deflections (the deflection corresponding to 90% of the 
ultimate load in the descending branch of the load-deflection curve) of all tested beams. 
From the table, it can be observed that increasing the CR percentage from 0% to 15% 
increased the ultimate deflections by 8.45% (B3 compared to B1). This may be related to 
the elastic nature of CR particles, which allows for expressing a large elastic deformation 
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before failure (Ganesan et al., 2013). Increasing the CR percentage from 15% to 20% 
appeared to decrease the ultimate deflection compared to the beam with 15% CR (B3) but 
was still slightly higher than the beam without CR (B1). It can also be noted from Figure 
5-1a that increasing the CR percentage generally decreased the rate of strength 
degradation after reaching the ultimate load, indicating more ductile failure. 
Figure 5-1b shows the effect of adding MISFs on the structural behavior of SCRC beams. 
From Figure 5-1b and Table 5-2, it can be seen that adding MISFs to SCRC beams 
slightly increased the beam stiffness and ultimate deflection. For example, adding 
MISF19 to the SCRC beam increased the ultimate deflection by 3.6% (B5 compared to 
B4). On the other hand, using MASFs showed a better enhancement in the beam stiffness 
and ultimate deflection compared to using MISFs. For example, using MASF38 showed 
an increase in the beam ultimate deflection up to 7.8% compared to beams without fibers 
(B6 compared to B3) (see Figure 5-1c). The better results from using MASFs compared 
to MISFs may be attributed to the better bonding of MASFs with the concrete matrix. The 
shorter length of MISFs appeared to provide insufficient length to develop adequate 
bonding between fibers and concrete matrix (pullout failure was noticed). This was 
confirmed by visual inspection, in which beams reinforced with MISF exhibited a fiber 
pullout failure, while beams with MASFs showed fiber tensile failure. The results also 
showed that increasing the MASF length appeared to show less improvement in the beam 
stiffness and ultimate deflection (see Figure 5-1d and Table 5-2). For instance, using 
MASF38 and MASF50 increased the ultimate deflection by 7.8% and 5.9%, respectively, 
compared to beams without fibers (B6 compared to B3 and B7 compared to B2). This 
may be attributed to the fact that since using MASFs generally provides sufficient length 
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to achieve adequate bonding stress, using shorter MASFs increases the chance of having a 
higher number of single fibers at the same fiber volume. Having an increased number of 
single fibers in the concrete matrix increases the chance of fibers to be oriented across the 
cracked sections and, in turn, increases the load carrying capacity and beam 
deformability. 
Figure 5-1e shows the load-deflection curve for SFVRC beams. From the figure, it can be 
seen that although using a high percentage of CR (30%) significantly reduced the load 
carrying capacity, flexural stiffness, and deformability (B8 compared to B1), adding a 
high percentage of SFs (1%) compensated for this reduction, achieving higher 
deformability. Similar to SFSCRC beams, using MISF19 showed the lowest improvement 
in the bending capacity and deformability of SFVRC beams, while MASF38 showed the 
highest improvement. The results also showed that increasing the fiber length from 
MASF50 to MASF54 showed higher flexural stiffness and ultimate deflection compared 
to beams with MASF50 (but less than MASF38). This may be attributed to the higher 
rigidity and tensile strength of MASF54 compared to MASF50. The higher tensile 
strength of MASF54 enhanced the stitching mechanism of fibers and boosted the role of 
fibers in enhancing load carrying capacity and deformation capacity of tested beams. It is 
worth noting that using a high percentage of CR (30%) with/without SFs (B8-B12) 
helped to develop semi-lightweight concrete with a density varied from 2048 kg/m3 to 
2094 kg/m3 according to CSA (2004). 
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5.3 Cracking behavior  
 
Table 5-2 and Figure 5-2 show the cracking pattern, number of cracks, and maximum 
crack width at failure. It can be observed that increasing the CR percentage up to 15% 
appeared to increase the number of randomly distributed cracks throughout the beam 
length and showed a reduction in the crack widths. For example, increasing the CR 
percentage from 0% to 15% increased the number of cracks from 20 to 22 cracks, while 
the maximum crack width dropped from 3.5mm to 2.8mm. This can be attributed to the 
reduction in the tensile strength of concrete that resulted from adding CR. This reduction 
in the tensile strength encouraged the beam to experience a higher number of cracks 
rather than continuing widening of one crack. Therefore, the number of cracks increased 
with a reduction in the crack width. Further increase in the CR percentage beyond 15% 
exhibited a reduction in the number of cracks in addition to the crack widths. This may be 
attributed to the lower deformation capacity of the tested beams that resulted from using a 
high percentage of CR.  
Table 5-2 and Figure 5-2 also indicated that using SFs in SCRC beams generally 
increased the number of cracks and maximum crack width compared to counterpart 
beams without SFs. This may be attributed to the higher deformation capacity that 
resulted from using SFs, which contributed to the development of a higher number of 
cracks with larger widths. The results also indicated that using MISFs in SCRC beams 
slightly increased the number of cracks and maximum crack width, while MASFs showed 
a significant increase. For example, using MISF19 in SCRC beams increased the number 
of cracks from 20 to 22 and increased the maximum crack width from 2.5mm to 2.7mm 
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(B5 compared to B4). On the other hand, the number of cracks increased from 22 to 26, 
and the maximum crack width increased from 2.8mm to 3.2mm when MASF38 was used 
(B6 compared to B3).  
As mentioned before, using MASFs increased the number of cracks and maximum crack 
width (compared to SCRC counterpart beams without fiber). However, using longer 
MASFs (MASF50 compared to MASF38) reduced this increase. This may be attributed 
to the lower improvement in the deformation capacity that resulted from using MASF50 
(compared to MASF38), as discussed before. Using high volume of SFs (1%) in SFVRC 
beams exhibited a higher increase in the number of cracks and maximum crack width 
compared to using a lower volume of SFs (0.2%) in SFSCRC beams. For example, using 
1% MISF19 and 1% MASF38 in VRC beams increased the number of cracks from 18 to 
20 and 25, respectively. In addition, the maximum crack width increased from 2.2 to 2.6 
and 3.5 when MISF19 and MASF38 were used (B9 and B10 compared to B8). The higher 
increase in the maximum crack width and number of cracks that resulted from using 
MASF38 compared to MISF19 may be attributed to the higher deformation capacity of 
the concrete beam with MASF38 compared to the beam with MISF19. Using MASF54 in 
VRC beams showed a higher increase in the number of cracks and maximum crack width 
compared to MASF50 (but still lower than MASF38). This may be attributed to the 
higher tensile strength of MASF54 compared to MASF50, which helped the beams to 
experience higher deformation. 
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5.4 Displacement ductility  
 
Displacement ductility can be defined as the ratio between the ultimate deflection and the 
yield deflection. Table 5-2 shows the yield deflection, ultimate deflection, and 
displacement ductility of all tested beams. From the table, it can be seen that increasing 
the CR percentage up to 15% resulted in an increase in the displacement ductility of 
SCRC beams. For example, increasing the CR percentage from 0% to 15% increased the 
displacement ductility by 12.7% (B3 compared to B1). On the other hand, increasing the 
CR percentage from 15% to 20% showed a remarkable reduction in the displacement 
ductility compared to the beam with 15% CR (B4 compared to B3), but still comparable 
to the beam without CR (B4 compared to B1). This can be attributed to the higher volume 
of CR, which contributed to limiting the beam from experiencing large deformation 
beyond the yield point. 
The table also shows that using MISFs appeared to have a slight increase in the ductility 
of SCRC beams. For example, using MISF19 increased the displacement ductility of the 
SCRC beam with 2.1% compared to the beam without SFs (B5 compared to B4). On the 
other hand, using MASFs showed an increase in the displacement ductility reaching up to 
6.3% and 4.2% when MASF38 and MASF50, respectively, were used. This may be 
attributed to the larger length of MASFs compared to MISFs. The longer fibers 
contributed to enhancing the bonding between fibers and concrete matrix, which helped 
the beams to experience larger deformation and in turn enhanced the displacement 
ductility. 
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Using high percentage of CR (30%) significantly decreased the displacement ductility of 
VRC beams. However, adding high percentage of SFs (1%) to beams with high 
percentage of CR (30%) compensated for the reduction in the displacement ductility, 
achieving ductility comparable to the control beam (without CR and fibers). For example, 
adding 1% MASF38 to the VRC beam with 30% CR increased the beam ductility by 
29.3% compared to the beam with 30% CR and no fibers (B10 compared to B8). This 
increase in the beam ductility reached around 98% of the ductility of the control beam 
without fiber or CR (B10 compared to B1). Meanwhile, adding 1% MISF19, MASF50, 
and MASF54 to VRC beams increased the ductility by 12.5%, 18.6%, and 23.7%, 
respectively, compared to the beam without SFs (B9, B11, and B12 compared to B8). 
From the results, it can be seen that increasing the fiber length from 38mm in MASF38 to 
50mm in MASF50 decreased the improvement in the beam ductility. This can be related 
to the expected lower number of single fibers oriented perpendicularly to the crack width 
when longer fibers are used compared to shorter fibers (at similar fiber volume). On the 
other hand, using MASF54 showed better enhancement in the beam ductility compared to 
MASF50 (but still less than MASF38). This higher improvement seen with MASF54 
compared to MASF50 can be related to the higher tensile strength and rigidity of 
MASF54 compared to MASF50 (see Table 3-2 and Figure 3-3).  
 
5.5 Energy absorption  
The energy absorption capacity of tested beams was calculated by measuring the area 
under the load-deflection curves up to the failure (a point corresponding to 90% of the 
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ultimate load at the descending branch of the load-deflection curve). Table 5-2 shows the 
energy absorption capacity of all tested beams (B1-B12). It should be noted that the 
ability of beams to absorb energy is a function of their deformation capacity and load 
carrying capacity. From the results, it can be seen that increasing the CR percentage up to 
15% increased the energy absorption by 8.7%. On the other hand, a further increase in the 
CR percentage showed a significant drop in the energy absorption capacity of tested 
beams, in which the reduction reached up to 35.9% when 30% CR was used (compared to 
control beam B1). This may be attributed to the significant reduction in the load carrying 
capacity and deformation capacity when a high percentage of CR was used. 
The results also showed that, in general, incorporating SFs contributed to enhancing the 
energy absorption capacity of tested beams. This may be attributed to the stitching 
mechanism of fibers, which helped transfer the stress across the cracked section and in 
turn, helped the beam to sustain higher load and larger deformation, leading to higher 
energy absorption. In SFSCRC beams, using MISF19 increased the energy absorption 
capacity by 3.85% compared to the beam without fibers (B5 compared to B4), while this 
increase reached up to 13.3% when MASF38 was used. The better enhancement of 
MASFs compared to MISFs may be related to the same reasons discussed before in the 
ductility section.  
Increasing the volume of SFs resulted in further enhancement of the energy absorption 
capacity of the tested beams. In SFVRC beams, using 1% MISF19, MASF38, MASF50, 
and MASF54 increased the energy absorption capacity by 13.3%, 84.4%, 36.5%, and 
65.8%, respectively, compared to counterpart beams without fibers (B9, B10, B11, and 
B12 compared to B8). This enhancement may be attributed to the ability of high-volume 
 128 
 
SF beams to sustain higher load carrying capacity and larger deformation, which in turn 
absorb higher energy. It is worth noting that the greatest improvement in energy 
absorption was observed when MASF38 was used. Using 1% MASF38 compensated for 
the reduction in the energy absorption capacity that resulted from adding 30% CR, 
achieving 1.18 times as much energy absorption as the control beam (without CR and 
fibers) (B10 compared to B1). 
5.6 Theoretical and experimental cracking moment  
The first flexural crack was detected with visual inspection and then confirmed by the 
change of slope in the load-deflection curves. Table 5-2 shows the cracking moment 
values (𝑴𝒄𝒓
𝒆𝒙𝒑
) corresponding to the first crack for all tested beams (B1-B12). The 
theoretical cracking moment (𝑴𝒄𝒓
𝒕𝒉𝒆𝒐) was also calculated based on the ACI (2008), CSA 
(2004), AS 3600 (2009), and EC2 (2005) (and compared to the experimental one). 
As per ACI 318 (2008): 
𝑴𝒄𝒓
𝒕𝒉𝒆𝒐 =  𝑓𝑟
𝐼𝑔
𝑦𝑡
             (1) 
Where 𝑓𝑟 = 0.62𝜆√𝑓𝑐′, in which 𝜆 =1 for normal weight concrete and 0.85 for 
lightweight sand;  𝑦𝑡 is the distance from the centroid of gross cross-section to the 
extreme tension fiber; f’c is the 28-day concrete compressive strength; and Ig is the gross 
second moment of area. 
As per CSA (2004): 
𝑴𝒄𝒓
𝒕𝒉𝒆𝒐 =  𝑓𝑟
𝐼𝑔
𝑦𝑡
          (2) 
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Where 𝑓𝑟 = 0.6𝜆√𝑓𝑐′, in which 𝜆 =1 for normal weight concrete and 0.85 for semi-
lightweight concrete (for density ranging from 1850 kg/m3to 2150 kg/m3); 𝑦𝑡 is the 
distance from the centroid of gross cross-section to the extreme tension fiber; and Ig is the 
gross second moment of area. 
As per AS 3600 (2009):  
𝑴𝒄𝒓
𝒕𝒉𝒆𝒐 = 𝑍𝑓𝑐𝑓
′           (3) 
Where 𝑓𝑐𝑓
′  is the characteristic flexural tensile strength of concrete = 0.6√𝑓𝑐′; and Z is the 
section modulus calculated based on the transformed section referring to extreme tension 
fiber. 
As per EC2 (2005): 
𝑴𝒄𝒓
𝒕𝒉𝒆𝒐 =  𝑓𝑐𝑡𝑚
𝐼𝑒
(ℎ−𝑥𝑢)
         (4) 
Where 𝑓𝑐𝑡𝑚 is the mean value of axial tensile strength of concrete = 0.3𝑓𝑐𝑘
0.67, and 𝑓𝑐𝑘 is 
the characteristic compressive strength of concrete at 28 days; Ie is the second moment of 
area of uncracked transformed section; xu is the distance from the neutral axis of the 
concrete cross-section to the extreme top fiber; and h is the height of the beam cross-
section.  
From Table 5-2, it can be seen that increasing the CR percentage appeared to reduce the 
experimental first cracking moment. For example, increasing the CR percentage from 0% 
to 20% decreased the first cracking moment by 36.6%. This may be attributed to the 
significant reduction in the STS that resulted from increasing the percentage of CR (see 
Table 5-1). Figure 5-3 shows the theoretical-to-experimental cracking moment (𝑴𝒄𝒓
𝒕𝒉𝒆𝒐/
𝑴𝒄𝒓
𝒆𝒙𝒑
) for all tested beams. From the figure, it can be observed that all design codes 
 130 
 
overestimate the cracking moment for all tested beams. The overestimating of the 
cracking moment appeared to be more pronounced in beams with CR compared to the 
control beam. For example, by comparing B4 to B1, it can be seen that the 𝑴𝒄𝒓
𝒕𝒉𝒆𝒐/𝑴𝒄𝒓
𝒆𝒙𝒑
 
ratio ranged from 1.21 to 1.64 in the beam with 20% CR (B4), while the 𝑴𝒄𝒓
𝒕𝒉𝒆𝒐/𝑴𝒄𝒓
𝒆𝒙𝒑
 
ratio ranged from 1.16 to 1.33 in the control beam (B1). This may be attributed to the fact 
that the 𝑴𝒄𝒓
𝒆𝒙𝒑 
is more affected by the tensile strength rather than the compressive strength, 
and the 𝑴𝒄𝒓
𝒕𝒉𝒆𝒐 in all codes are calculated based on the compressive strength. Also, since 
the negative effect of CR was more pronounced on the tensile strength, the errors in code 
predictions were more obvious with the increase in the percentage of CR. 
Table 5-2 also shows that adding MISFs to SCRC beams slightly increased the𝑴𝒄𝒓
𝒆𝒙𝒑 
, 
while adding MASFs exhibited a considerable increase. For example, adding MISF19 and 
MASF38 to SCRC beams increased the 𝑴𝒄𝒓
𝒆𝒙𝒑 
by 2.2% and 10.2%, respectively, compared 
to their SCRC counterparts without fibers. This may be attributed to the better 
enhancement of concrete tensile strength when MASF38 was used compared to MISF19, 
as shown in the STS results in Table 5-1. The results also showed that the increased fiber 
length in MASF50 compared to MASF38 showed less improvement in the 𝑴𝒄𝒓
𝒆𝒙𝒑 
(B7 
compared to B6). This may be related to the same reasons discussed earlier, in which the 
better dispersion of MASF38 contributed to enhancing the tensile strength of concrete 
beams and in turn, showed better improvement in𝑴𝒄𝒓
𝒆𝒙𝒑 
. The results also showed that 
increasing the fiber volume significantly increased the 𝑴𝒄𝒓
𝒆𝒙𝒑 
of SFVRC beams. For 
example, adding 1% MISF19, 1% MASF38, 1% MASF50, and 1% MASF54 to the VRC 
beam increased the 𝑴𝒄𝒓
𝒆𝒙𝒑 
by 6.1%, 28.3%, 14.8%, and 20.7%, respectively, compared to 
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its VRC counterpart without SFs (B9, B10, B11, and B12 compared to B8). This may be 
related to the fact that increasing the fiber volume immensely enhanced the tensile 
strength of concrete beams, and therefore the 𝑴𝒄𝒓
𝒆𝒙𝒑 
is expected to greatly improve. 
Increasing the fiber length from MASF50 to MASF54 exhibited higher improvement in 
the 𝑴𝒄𝒓
𝒆𝒙𝒑 
 (but still less than MASF38). This may be attributed to the higher tensile 
strength of MASF54 compared to MASF50, which helped to enhance concrete tensile 
strength and in turn improved the cracking moment. From Figure 5-3, it can be observed 
that 𝑴𝒄𝒓
𝒕𝒉𝒆𝒐/𝑴𝒄𝒓
𝒆𝒙𝒑
 ratio appeared to be higher in beams with MISFs compared to beams 
with MASFs. For example, in the SFSCRC beam with MISF19, 𝑴𝒄𝒓
𝒕𝒉𝒆𝒐/𝑴𝒄𝒓
𝒆𝒙𝒑
 ranged 
from 1.19 to 1.61, while in the SFSCRC beam with MASF38 this range was 1.11 to 1.45. 
This may be attributed to the lower enhancement of 𝑴𝒄𝒓
𝒆𝒙𝒑
 when MISFs were used 
compared to MASFs. Meanwhile, the 𝑴𝒄𝒓
𝒕𝒉𝒆𝒐 was almost the same for MISFs and MASFs 
as it depends only on the compressive strength, which is not affected by the type of SFs. 
Figure 5-3 also showed that increasing the fiber volume in SFVRC beams contributed to a 
further decrease in the 𝑴𝒄𝒓
𝒕𝒉𝒆𝒐/𝑴𝒄𝒓
𝒆𝒙𝒑
 ratio, in which the 𝑴𝒄𝒓
𝒕𝒉𝒆𝒐/𝑴𝒄𝒓
𝒆𝒙𝒑
 ranged from 1.05 to 
1.35 when 1% SFs was used. This may be explained by the further increase in the 
𝑴𝒄𝒓
𝒆𝒙𝒑
that resulted from using high percentage of SFs. This is also in addition to the 
reduction in the 𝑴𝒄𝒓
𝒕𝒉𝒆𝒐 due to the reduction in the compressive strength that resulted from 
adding a high percentage of SFs (see Table 5-1). 
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5.7 Bending moment capacity  
Table 5-2 shows the bending moment capacity of all tested beams (B1-B12). From the 
table, it can be seen that increasing the CR content generally decreased the bending 
moment capacity. For example, increasing the percentage of CR from 0% to 20% 
decreased the bending moment capacity by 13.5% compared to the control beam (B4 
compared to B1). This may be attributed to the lower compressive strength and weakened 
rubber-mortar interface that resulted from adding CR and, in turn, decreasing the bending 
moment capacity of the beams. Further increase in the CR percentage led to a significant 
drop in the bending moment capacity of the tested beams. For example, adding 30% CR 
decreased the bending moment capacity by 25% compared to the control beam (B8 
compared to B1). This may be related to the increased volume of weakened rubber-mortar 
interface that resulted from using high percentage of CR, which in turn limited the beams’ 
ability to sustain higher loads.  
From the table, it can also be noticed that adding SFs to SCRC beams generally increased 
the bending moment capacity. For example, adding MISF19 and MASF38 to SCRC 
beams increased the bending moment capacity by 1.8% and 4.2%, respectively, compared 
to their counterpart SCRC beams without fibers (B5 compared to B4 and B6 compared to 
B3). The better improvement seen with MASF38 compared to MISF19 can be related to 
the larger length of MASF38, which provided adequate bonding to the concrete matrix 
and in turn, prompted the beam to sustain higher loads. It should also be noted that 
increasing the MASF length from 38mm to 50mm exhibited less improvement in the 
bending moment capacity.  
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Despite the fact that using high percentage of CR (30%) significantly decreased the 
bending moment capacity, combining high percentage of MASF38 (1%) with high 
percentage of CR (30%) appeared to compensate for the reduction in the bending moment 
capacity, reaching to around 91% of the bending capacity of the control beam. In 
addition, combining high percentage of CR with high percentage of SFs helped to 
develop semi-lightweight concrete beams with a density of 2094 kg/m3 according to CSA 
(2004). Adding 1% MISF19, 1% MASF38, 1% MASF50, and 1% MASF54 to VRC 
beams increased the bending moment capacity by 5.4%, 21.3%, 9.2%, and 14.4%, 
respectively, compared to beams without SFs (B9, B10, B11, and B12 compared to B8).  
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Figure 5-1 Experimental load-midspan deflection responses: (a) SCRC beams with varied percentage of CR; (b) SFSCRC 
beam with MISF19 versus SCRC counterpart and control beam; (c) SFSCRC beam with MASF38 versus SCRC 
counterpart and control beam; (d) SFSCRC beam with MASF50 versus SCRC counterpart and control beam; (e) 
SFVRC beams with different SF types/lengths versus VRC counterpart  
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Figure 5-2 Crack patterns of tested beams at failure (crack width in mm) 
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Figure 5-3 The theoretical-to-experimental first cracking moment ratios for all 
tested beams 
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6 Discussion of results from experimental study 3: effect of SFs on 
shear capacity of reinforced rubberized concrete beams 
6.1 Introduction 
This chapter presents the combined effect of CR and MISFs/MASFs on the shear 
behavior of reinforced concrete beams. Twelve large-scale SCC and VC beams were 
constructed with varied percentages of CR (0% to 30%) and different types and volumes 
(0%, 0.2%, and 1%) of SFs. The shear performance of the tested beams was evaluated 
based on stiffness, ultimate shear capacity, post-diagonal resistance, energy absorption, 
and cracking behavior. Table 6-1 summarizes the fresh properties, compressive strength, 
and STS of all tested beams’ mixtures. Table 6-2 shows the results obtained from 
conducted shear tests.  The results and discussions presented in this chapter have been 
published in the paper number four mentioned earlier at the beginning of this thesis. 
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Table 6-1 Fresh and mechanical properties for tested mixtures 
Mix  
# 
Mixtures 
SCC/SCRC/FRSCRC 
T50 
(sec) 
V-funnel 
(sec) 
L-box ratio  
(H2/H1) 
HRWRA 
(kg/m3) 
f’c 
(MPa) 
fsp 
(MPa) 
1 SCC-0CR 1.95 7.01 0.91 3.43 64.8 4.30 
2 SCC-10CR 2.74 9.50 0.84 3.75 53.5 3.78 
3 SCC-15CR 2.96 10.59 0.82 3.75 46.8 3.60 
4 SCC-20CR 3.14 10.97 0.77 3.75 38.4 3.26 
5 SCC-20CR-0.2MISF19 3.29 12.12 0.76 6.40 39.5 3.47 
6 SCC-15CR-0.2MASF38 3.20 15.30 0.77 6.30 48.3 4.01 
7 SCC-10CR-0.2MASF50 3.18 16.20 0.76 6.30 53.2 4.11 
 Mixtures  
VRC/FRVRC 
Slump 
(mm) 
HRWRA 
(kg/m3) 
f’c 
(MPa) 
fsp 
(MPa) 
8 VC-30CR 190 3.18 33.5 2.73 
9 VC-30CR-1MISF19 175 3.18 28.7 3.18 
10 VC-30CR-1MASF38 150 3.18 28.3 3.38 
11 VC-30CR-1MASF50 130 3.18 27.9 3.08 
12 VC-30CR-1MASF54 125 3.18 29.7 3.11 
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Table 6-2  Results of the shear test 
 
Beam 
# 
Designation 
Cracking 
moment 
(kN.m) 
First 
diagonal 
crack 
load 
(kN) 
Failure 
load 
(kN) 
Deflection 
at failure 
load 
(mm) 
Ultimate 
shear 
load (Vu) 
(kN) 
Post-
diagonal 
cracking 
% 
Energy 
absorption 
(kN.mm) 
At failure 
No. of 
cracks 
Max 
crack 
width 
(mm) 
Failure 
angle 
(deg.) 
SCC/SCRC/FRSCRC 
B1 SCC-0CR 11.1 129.2 244.3 3.83 122.1 47.1 626.2 8 6.8 29 
B2 SCC-10CR 9.6 116.7 208.4 4.27 104.2 44.0 588.8 8 6.0 29 
B3 SCC-15CR 8.6 110.5 194.8 4.52 97.4 43.3 577.9 9 5.5 28 
B4 SCC-20CR 7.3 105.5 180.0 4.80 90.0 41.4 556.8 11 4.0 26 
B5 SCC-20CR-0.2MISF19 7.5 108.1 190.5 5.04 95.2 43.2 665.9 11 3.5 28 
B6 SCC-15CR-0.2MASF38 9.1 118.5 222.5 5.20 111.2 46.7 748.6 10 4.0 26 
B7 SCC-10CR-0.2MASF50 10.0 121.6 227.1 4.57 113.6 46.5 719.9 12 4.5 27 
VRC/FRVRC 
B8 VC-30CR 6.2 95.0 157.6 4.98 78.8 39.7 505.2 10 4.0 29 
B9 VC-30CR-1MISF19 6.7 99.5 180.6 5.72 90.3 44.9 732.9 10 3.8 28 
B10 VC-30CR-1MASF38 7.2 118.3 269.3 6.32 134.7 56.1 1139.6 11 3.0 28 
B11 VC-30CR-1MASF50 7.0 102.1 209.4 5.83 104.7 51.3 862.3 11 3.5 30 
B12 VC-30CR-1MASF54 7.3 110.0 244.0 5.94 122.0 54.9 992.9 12 3.3 30 
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6.2 Cracking behavior and failure mode 
 
In the early stage of loading, it was observed that the first vertical flexural cracks began at 
the tension side of the beam at maximum moment zone (between the loading points). As 
the applied load increased, the existing flexural cracks increased in width and new more 
vertical cracks appeared within the shear span at both sides of the beam (area between 
supports and loading points). The cracks in shear span started to propagate diagonally 
towards the loading zone as the load increased. Additional loading led to more increases 
in the number and width of both flexural and flexural-shear cracks (diagonal cracks). 
Then, a shear failure suddenly occurred due to the formation of a major single diagonal 
crack with angles ranging from 26 to 30 degrees for all tested beams. Figure 6-1 and 
Table 6-2 show the crack pattern and crack widths/numbers of tested beams at failure 
stage.  
As can be seen in Figure 6-1 and Table 6-2, the SCRC beams appeared to have relatively 
lower maximum diagonal crack width and higher number of cracks compared to that of 
the control beam (B1). Increasing the percentage of CR from 0% to 20% (B1 to B4) 
decreased the maximum crack width from 6.8mm to 4mm, while the number of cracks 
increased from 8 to 11. This behavior may be attributed to the high strain rate of the CR 
particles compared to the hardened cement paste, which generates a high tensile stress at 
the rubber-mortar interface under loading. This allows more fine and significant cracks to 
propagate instead of continuous widening of one localized crack.  
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Figure 6-1 also shows that FRSCRC and FRVRC beams generally exhibited similar 
failure mode as their counterpart beams with no fibers. However, the inclusion of MISFs 
and/or MASFs helped the beams to sustain higher load accompanying larger 
deformations, which in turn allowed more flexural cracks to develop prior to the shear 
failure. The addition of fibers also showed a good ability to stitch the cracks, which 
contributed to reducing the widths of the cracks. The stitching action of fibers was found 
to be affected by the length and number of fibers. By examining both FRSCRC and 
FRVRC beams, it can be observed that the shortest fiber type (MISF19) had the lowest 
ability to limit the width of cracks, which may be due to its low pull-out strength. 
Increasing the length of fibers from 19mm to 38mm (MASF38 compared to MISF19) 
improved the fibers’ role in restricting the crack width. Further increase in the length of 
fibers (higher than 38mm) reduced the effectiveness of fibers (as shown in MASF50 and 
MASF54). This can be attributed to the fact that for a given fraction volume, increasing 
the length of fibers higher than that required to achieve adequate pull-out strength 
decreases the number of single fibers distributed in concrete. This may result in a lower 
probability of single fibers being oriented perpendicularly to the diagonal cracks, and thus 
limits the stitching action along cracks. 
6.3 Load-deflection behavior 
Figure 6-2 shows the effect of CR with/without SFs on the load-midspan deflection of 
tested beams. From the figure, it can be seen that all tested beams exhibited high stiffness 
up to the initiation of the first flexural crack. Increasing the applied load beyond the 
cracking stage led to the initiation and propagation of more cracks, which reduced the 
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beams’ stiffness. With further loading, the beams experienced a higher rate of 
deformation up to the maximum load, and then the load-carrying capacity declined 
clearly.  
From Figure 6-2a, it can be observed that replacing the fine aggregate with rubber 
particles appeared to boost the deformability of beams. This can be indicated by 
decreasing the beams’ stiffness (slope of load-midspan deflection curve) and increasing 
the maximum deflection (δu) corresponding to the ultimate failure load as the percentage 
of CR increased. As shown in SCRC beams (B4 compared to B1), varying the percentage 
of CR from 0% to 20% increased the δu by 25.3%. On the other hand, the addition of CR 
was found to reduce the ultimate shear load (Vu) of beams, in which the SCRC beam with 
20% CR exhibited a reduction in the Vu reached up to 26.3% lower than the control beam 
(B1). This trend of results was confirmed in the VRC beam (B8), in which the inclusion 
of 30% CR increased the δu by 30% and decreased the Vu by 35.5% compared to the 
control beam (B1). As reported by Taylor (1974), the shear capacity of beams without 
stirrups is derived from the contribution of compression shear zone, aggregate interlock 
mechanism, and dowel action of the longitudinal reinforcement. Hence, the reduction in 
the ultimate shear load of the tested beams that resulted from adding CR can be attributed 
to (a) decaying the compressive strength of concrete with CR (as shown in Table 6-1), 
which limited the contribution of compression shear zone to the shear capacity of beams, 
and (b) the softness of CR aggregate (compared to conventional aggregate) may decrease 
the friction forces that are mainly developed across the diagonal shear cracks by 
aggregate interlock mechanism, resulting in lower resistance against slip (Hassan et al., 
2008). 
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Figure 6-2b to Figure 6-2e show that adding MISFs and MASFs to FRSCRC and FRVRC 
beams exhibited increases in their Vu and δu, which indicates strong potential for SFs to 
improve the ductility and energy absorption capacity of tested beams. Since the 
compressive strength of FRSCRC mixtures was not affected by the addition of the fibers 
(as shown in Table 6-1), the observed increases in the Vu and δu in FRSCRC beams could 
be directly related to the fibers’ bridging mechanism, which contributes to transferring 
stress across the cracks and thus allows the beams to sustain higher load and exhibit 
larger deformations. The lowest improvements were found in beams with 19mm fibers 
(MISF19), in which the Vu and δu increased by 5.8% and 5%, respectively, as shown in 
B5 compared to B4. Such limited increases indicated that using short fibers (MISF19) 
may not have enough length to develop adequate bonding with concrete (pull-out failure 
mode is dominant), which in turn reduced the ability of fibers to effectively transfer the 
stress across cracks. This was confirmed by visual inspection of the failed beams, in 
which 19mm fibers (MISF19) appeared to fail under pull-out failure while longer fibers 
(38mm (MASF38) and 50mm (MASF50)) appeared to fail under tensile failure. 
Therefore, using longer fibers (38mm MASF38) exhibited higher increases in the 
stiffness, shear strength, and ultimate deformation capacity of beams. The addition of 
MASF38 (38mm fibers as in B6) boosted the Vu and δu by 14.2% and 15%, respectively, 
compared to its counterpart beam without fibers (B2). However, further increase in the 
fibers’ length led to less improvements, in which the beam with MASF50 (50mm  fibers 
as in B7) showed improvements up to 9% and 7%, respectively, in the Vu and δu 
compared to its counterpart beam without fibers (B2). This could be attributed to the fact 
that at a given fraction volume, as the length of fibers decreased the total number of 
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single fibers increased. Therefore, in the case of achieving a length long enough to assure 
an adequate pull-out strength (pull-out failure is not dominant), using shorter fibers 
(MASF38) provides a higher number of individual fibers (compared to MASF50), which 
can attain an efficient distribution in concrete and increase the fibers’ contribution to the 
shear strength of concrete beams.  
In FRVRC, although the high volume of SFs negatively affected the compressive strength 
of concrete, the addition of fibers continued to improve the ultimate shear load and 
deformation capacity of tested beams. Similar to the FRSCRC beams, in FRVRC beams 
the lowest and highest improvements in both Vu and δu were found in beams with 1% 
MISF19 and 1% MASF38, respectively (Figure 6-2e). Increasing the size (length and 
diameter) of fibers from MASF50 to MASF54 showed higher increases in both the Vu and 
δu compared to MASF50 (but less than MASF38). This may be attributed to the higher 
tensile strength and rigidity of MASF54 (as shown in Table 3-2) that requires more stress 
to cause rupture failure than that required for MASF50. The deformed surface of 
MASF54 (Figure 3-3 and Table 3-2) may also contribute to improving the interfacial 
bond properties between fiber and cementitious matrix (Singha et al., 2004, Banthia, 
1990).  
It is worth noting that combining 30% CR and MASF54 (B12) exhibited comparable Vu 
to that of the control beam (B1), while the beam with 30% CR and MASF38 (B10) had an 
increase in the Vu reached up to 10% higher than the control beam (B1). It should be also 
reported that using 30% CR with/without 1% MISFs and MASFs (B8 to B12) contributed 
to developing beams with a density varied from 2048 kg/m3 to 2094 kg/m3, which are 
classified as a semi-lightweight concrete according to the CSA (2004). 
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6.4 Post-diagonal cracking resistance 
The post-diagonal cracking resistance indicates the maximum resistance the beam can 
exhibit beyond the occurrence of the first diagonal crack up to failure. Table 6-2 presents 
the calculated values of the post-diagonal cracking resistance for each tested beam, which 
were obtained using a formula of [(Max failure load – first diagonal crack load)/ Max 
failure load] (Abouhussien et al., 2015; Hassan et al., 2015). 
As shown in Table 6-2, increasing the percentage of CR showed a negative impact on the 
post-diagonal cracking resistance, similar to its effect on the ultimate shear load of tested 
beams. Varying the percentage of CR from 0% to 20% in SCRC beams (B1 to B4) 
decreased the post-diagonal cracking resistance by 12.1%. Increasing the percentage of 
CR to 30% in the VRC beam (B8) led to a reduction in the post-diagonal cracking 
resistance reaching up to 15.7% compared to the control beam (B1). This can be 
attributed to the fact that the inclusion of CR increases the weak rubber-mortar interface, 
which allows cracks to develop at a relatively low level of stress. In addition, the softness 
of CR decreases the contribution of aggregate interlock (as explained earlier), which 
expedites the propagation of diagonal cracks and hence reduces the resistance of beams to 
failure beyond the first diagonal crack.  
Table 6-2 also presents the post-diagonal cracking resistance of both FRSCRC and 
FRVRC beams. The results showed that the addition of fibers generally improved the 
post-diagonal cracking resistance of tested beams. In FRSCRC beams, the minimum 
improvement in the post-diagonal cracking reached up to 4.3% when using 0.2% of 
19mm fibers (MISF19) (B5 compared to B4) and the maximum improvement reached up 
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to 7.9% (B6 compared to B3) when using 38mm fibers (MASF38). These results are 
related to the same reasons explained earlier for the ultimate shear load. Similarly, in 
FRVRC beams, using 1% of MISF19, MASF38, MASF50, and MASF54 (B9 to B12) 
increased the post-diagonal cracking resistance by 13.1%, 41.3%, 29.2%, and 38.3%, 
respectively, compared to beam with no fibers (B8). Also, these beams (B9 to B12) 
showed post-diagonal cracking resistance values ranged from 0.95 to 1.19 of that 
obtained by the control beam (B1). 
6.5 Energy absorption 
In this study, the energy absorption capacity of the tested beams was evaluated by 
measuring the area under the load-deflection curves (using AutoCAD software) up to the 
failure/maximum load (shown in Figure 6-2). Hence, the ability of beams is a function of 
both the deformation capacity and strength of beams. As mentioned earlier, the addition 
of CR was found to increase the ultimate deformation capacity of beams. However, its 
effect on decaying the shear strength was more pronounced, which reduced the area 
enclosed by the load-deflection curve, indicating a reduction in the energy absorption 
capacity of tested beams. In SCRC beams, varying the percentage of CR from 0% to 20% 
(B1 to B4) reduced the ability of beams to absorb energy by 11.1%. With a replacement 
of 30% CR, this reduction reached up to 19.3% compared to B1 (SCC with no CR). 
The addition of SFs seemed to increase the energy absorption capacity of the tested 
beams, as shown in Table 6-2. This can be attributed to the beneficial role of fibers in 
restricting the widening and propagation of cracks, as explained earlier, which allows the 
beams to experience higher loads and deformations, and therefore absorb more energy 
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before failure. In FRSCRC beams, using MISF19, MASF38, and MASF50 (B5 to B7) 
showed an increase in the energy absorption capacity of tested beams by 19.6%, 29.5%, 
and 22.3%, respectively, compared to their counterpart beams with no fibers (B2 to B4). 
Increasing the amount of fibers led to further improvements in the ability of beams to 
absorb more energy prior to failure. In FRVRC beams (B9 to B12), adding 1% from 
MISF19, MASF38, MASF50, and MASF54 boosted the energy capacity of tested beams 
by 45.1%, 125.6%, 70.7%, and 96.6%, respectively, compared to beams with no fibers 
(B8). It is worth noting that in FRSCRC, beams with 0.2% MISF19 + 20% CR, 0.2% 
MASF38 + 15% CR, and 0.2% MASF50 + 10% CR absorbed 6.3%, 19.6%, and 15%, 
respectively, more energy compared to the control beam (B1). In FRVRC beams, 
combining 30% CR and 1% from MISF19, MASF38, MASF50, or MASF54 exhibited 
energy absorption of 17%, 82%, 37.7%, and 58.6%, respectively, higher than that of the 
control beam (B1). 
6.6 Cracking moment 
Table 6-2 shows the experimental cracking moment (Mcr) values corresponding to the 
first flexural crack. The inclusion of CR generally had a negative impact on the Mcr of the 
tested beams. Varying the percentage of CR from 0% to 20% in SCRC beams (B1 to B4) 
exhibited a reduction in the Mcr reached up to 27.7%. Increasing the percentage of CR to 
30% in VRC (B8) decreased the Mcr by 43.8% compared to the control beam (B1). This 
finding could be attributed to the fact that as the percentage of CR increased, the tensile 
strength of concrete decreased (as shown in the fsp results presented in Table 6-1), which 
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in turn decreased the load required to develop the first flexural crack within the zone of 
maximum bending moment.  
Table 6-2 also shows that in FRSCRC beams, the Mcr slightly increased when 0.2% 
MISFs and/or MASFs were added. Using 0.2% of MISF19, MASF38, and MASF50 (B5 
to B7) increased the Mcr by 3.3%, 5.3%, and 4.3%, respectively, compared to their 
counterpart SCRC beams without fibers (B2 to B4). Increasing the volume of MISF19, 
MASF38, MASF50, and MASF54 to 1% in FRVRC beams (B9 to B12) raised the Mcr up 
to 8%, 15%, 12.2%, and 16.4%, respectively, higher than the Mcr of beams with no fibers 
(B8). This is due to the fibers’ mechanism in controlling the development of micro-cracks 
and delaying the formation of macro-cracks. 
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Figure 6-1 Crack patterns of tested beams at failure (crack width in mm) 
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Figure 6-2 Experimental load-midspan deflection responses 
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7 Discussion of results from experimental study 4: cyclic loading of 
large-scale rubberized concrete beam-column joints with/without 
SFs and MFs 
7.1 Introduction 
This chapter highlights the effect of adding CR on enhancing the structural performance 
of beam-column joints under cyclic loading. The chapter also presents the effect of 
combining SFs/MFs with CR on improving the cyclic behavior of beam-column joints. 
Different types, lengths, and volumes of SFs and MFs were used in this investigation. The 
main parameters were the percentage of CR (0%-25% by volume of sand), coarse 
aggregate size (10mm, and 20mm), length of MFs (35mm and 60mm), volume of MFs 
(0%, 0.35%, 1%), type of SFs (MISFs and MASFs), length of SFs (19mm, 38mm, 50mm, 
54mm), and volume of SFs (0%, 0.2%, and 1%). The structural behavior of the tested 
beam-column joints was evaluated based on load deflection, initial stiffness, rate of 
stiffness degradation, failure mode, cracking behavior, displacement ductility, brittleness 
index, energy dissipation, first crack load, and load carrying capacity. A summary of the 
fresh and mechanical properties of tested joints are presented in Table 7-1. The results 
obtained from the tested joints are shown in Table 7-2 to Table 7-6. The results and 
discussions presented in this chapter have been published in the papers number five, six, 
and seven mentioned earlier at the beginning of this thesis. 
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Table 7-1 Fresh and mechanical properties of tested joints  
Joint # Mixture ID 
T50 
(sec) 
L-box 
H2/H1 
Slump-J-ring 
diameter 
V-
funnel 
SR % Air % 
28-day 
f’c 
28-day 
STS 
Stage 1 
S1 0CR-SCC 1.95 0.91 10 7.0 2.1 1.5 75.6 4.5 
S2 5CR-SCC 2.39 0.88 15 8.5 2.7 2.0 66.7 4.1 
S3 10CR-SCC 2.74 0.84 30 9.5 3.8 2.7 53.4 3.8 
S4 15CR-SCC 2.96 0.82 40 10.6 5.8 3.1 44.8 3.6 
S5 20CR-SCC 3.14 0.77 45 10.9 7.5 3.4 38.4 3.3 
S6 25CR-SCC 3.35 0.77 50 14.3 8.3 4.6 36.8 3.0 
Stage 2 
S7 SCC-10CR-20 1.58 0.8 40 6.6 5.4 3.9 47.2 3.5 
S8 SCC-15CR-20 1.66 0.78 45 6.9 6.6 4.3 41 3.1 
S9 SCC-20CR-20 1.76 0.77 45 7.1 7.6 4.9 35.1 2.9 
S10 SCC-25CR-20 1.89 0.75 50 7.4 8.9 5.1 32.9 2.7 
S11 SCC-15CR-0.35MF35 3.31 0.75 80 12.05 6.04 3.5 44.94 4.3 
S12 VRC-15CR-0.35MF35 - - - - - 2.5 47.2 4.7 
S13 VRC-15CR-0.35MF60 - - - - - 3.2 48.9 4.8 
S14 VRC-25CR-1MF35 - - - - - 3.7 36.9 5 
Stage 3 
S15 SCC-15CR-0.2MISF19 3.04 0.79 45 11.4 4.4 3.3 44.8 3.9 
S16 SCC-15CR-0.2MISF27 3.09 0.79 50 12.67 3.9 3.4 44.9 4.0 
S17 SCC-15CR-0.2MASF38 3.2 0.77 65 15.3 7.3 3.8 44.9 4.2 
S18 VRC-15CR-0.2MASF38 - - - - - 3.5 47.1 4.5 
S19 VRC-15CR-0.2MASF50 - - - - - 2.5 42.1 4.1 
S20 VRC-15CR-0.2MASF54 - - - - - 3.2 43.2 4.3 
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S21 VRC-25CR-1MASF38 - - - - - 3.7 33.7 4.1 
Table 7-2 . Results of reverse cyclic loading  
Joint # Mixture ID 
First crack 
load (KN) 
Ultimate 
load (KN) 
Failure 
mode 
Initial 
stiffness 
(KN/mm) 
Crack width 
At 
beam-
column 
interface 
(mm) 
Within 
joint 
panel 
(mm) 
Stage 1 
S1 0CR-SCC 30.9 102.4 B-mode 13.9 7 - 
S2 5CR-SCC 27.7 97.2 B-mode 12.8 6 - 
S3 10CR-SCC 24.4 93.7 B-mode 12 5.5 - 
S4 15CR-SCC 22.2 91.6 B-mode 11.2 5 - 
S5 20CR-SCC 19.9 86.3 BJ-mode 9.5 4 0.95 
S6 25CR-SCC 18.8 82.7 BJ-mode 8.7 3.2 0.8 
Stage 2 
S7 SCC-10CR-20 23.29 91.7 B-mode 11.43 6.2 - 
S8 SCC-15CR-20 21.4 89.4 B-mode 10.41 5.7 - 
S9 SCC-20CR-20 20.98 87.3 B-mode 9.14 5.1 - 
S10 SCC-25CR-20 19.2 83.2 BJ-mode 8.26 4.5 0.7 
S11 SCC-15CR-0.35MF35 31.56 105.9 B-mode 12.45 4 - 
S12 VRC-15CR-0.35MF35 32.83 110.6 B-mode 13 3.8 - 
S13 VRC-15CR-0.35MF60 30.95 101.9 B-mode 12.15 3.5 - 
S14 VRC-25CR-1MF35 31.06 103.2 B-mode 16.98 3 - 
Stage 3 
S15 SCC-15CR-0.2MISF19 23.3 92.7 B-mode 11.5 4.7 - 
S16 SCC-15CR-0.2MISF27 25.2 94.4 B-mode 11.7 4.5 - 
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S17 SCC-15CR-0.2MASF38 30.6 101.2 B-mode 12.2 4.2 - 
S18 VRC-15CR-0.2MASF38 31.9 102.1 B-mode 12.9 4 - 
S19 VRC-15CR-0.2MASF50 26.2 94.6 B-mode 11.8 4.5 - 
S20 VRC-15CR-0.2MASF54 27.3 98.3 B-mode 12.1 4.3 - 
S21 VRC-25CR-1MASF38 29.9 100.2 B-mode 16.1 4 - 
Table 7-3 Yield deflection, ultimate deflection, ductility, and brittleness index 
Joint # Mixture ID 
Deflection 
at yield Δy 
(mm) 
Deflection 
at ultimate 
load (mm) 
Ultimate 
deflection 
Δu (mm) 
Ductility 
(Δu / Δy) 
Brittleness 
index 
Stage 1 
S1 0CR-SCC 6.48 22.33 29 4.48 0.29 
S2 5CR-SCC 6.69 23.56 32.75 4.89 0.26 
S3 10CR-SCC 6.84 24.23 35 5.12 0.24 
S4 15CR-SCC 7.29 25.12 38.75 5.32 0.23 
S5 20CR-SCC 8.27 22.53 38 4.59 0.28 
S6 25CR-SCC 8.55 21.75 36.5 4.27 0.3 
Stage 2 
S7 SCC-10CR-20 6.75 23.13 32 4.65 0.27 
S8 SCC-15CR-20 7.7 23.85 37.5 4.83 0.25 
S9 SCC-20CR-20 8.05 24.76 40 4.97 0.24 
S10 SCC-25CR-20 8.3 22.23 37.5 4.52 0.28 
S11 SCC-15CR-0.35MF35 6.3 27.33 41 6.51 0.18 
S12 VRC-15CR-0.35MF35 6.3 27.77 42.5 6.75 0.15 
S13 VRC-15CR-0.35MF60 7.2 27.02 40.5 5.63 0.21 
S14 VRC-25CR-1MF35 5.58 27.98 37.5 6.72 0.17 
Stage 3 
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S15 SCC-15CR-0.2MISF19 7.2 25.3 39 5.39 0.22 
S16 SCC-15CR-0.2MISF27 6.8 25.89 39.5 5.74 0.21 
S17 SCC-15CR-0.2MASF38 6.3 27.15 40.5 6.43 0.18 
S18 VRC-15CR-0.2MASF38 6.25 27.21 41.5 6.64 0.16 
S19 VRC-15CR-0.2MASF50 6.75 26.31 40 5.95 0.2 
S20 VRC-15CR-0.2MASF54 6.39 26.82 40.5 6.34 0.19 
S21 VRC-25CR-1MASF38 5.67 26.53 38.5 6.79 0.15 
  
Table 7-4 Cumulative energy dissipation (stage 1) 
Step # 
S1 S2 S3 S4 S5 S6 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
1 0.27 0.25 0.62 0.58 1.95 0.61 
2 1.24 1.16 2.73 3.09 4.9 3.55 
3 5.64 5.83 15.83 18.77 11.86 16.51 
4 25.1 22.61 51.38 47.06 26.96 41.8 
5 49.35 49.41 94.21 87.48 59.65 81.44 
6 210.45 212.84 275.48 309.35 279.7 314.1 
7 1576.51 1020.36 1667.27 1321.23 1337.32 1316.65 
8 4134.18 3456.03 4640.64 3907.89 3641.75 3510.49 
9 7377.2 6775.39 7590.37 7581.15 6505.57 6534.28 
10 11470.3 11829.65 12602.55 13874.77 9842.17 8996.03 
11 - - - - 12978.51 11397.55 
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Table 7-5 Cumulative energy dissipation (stage 2) 
Step 
# 
S7 S8 S9 S10 S11 S12 S13 S14 
Ed 
(kN.mm) 
Ed 
(kN.mm) 
Ed 
(kN.mm) 
Ed 
(kN.mm) 
Ed 
(kN.mm) 
Ed 
(kN.mm) 
Ed 
(kN.mm) 
Ed 
(kN.mm) 
1 0.9 1.18 0.97 0.63 0.66 0.53 1.02 0.9 
2 5.35 5.91 3.87 4.15 16.91 12.73 11.34 4.17 
3 24.04 24.65 19.69 16.05 47.95 55.57 45.65 22.44 
4 56.81 54.19 49.26 40.88 88.77 112.62 96.65 51.58 
5 102.17 98.23 92.98 82 328.28 242.86 215.83 96.69 
6 390.91 348.21 329.18 288.32 2064.13 1080.77 975.12 336.88 
7 2025.07 1909.28 2104.17 1710.26 5816.58 5291.92 4199.86 1861.35 
8 4851.18 4952.23 4826.97 4105.2 10125.4 10735 8916.9 5263.9 
9 8337.08 8756.49 8412.27 7284.54 15395.7 17418.8 14564.8 10100.6 
10 11590.6 12175.4 12793.6 11125.1 20879.3 22244.7 20269.4 17620.4 
 
Table 7-6 Cumulative energy dissipation (stage 3) 
Step 
# 
S15 S16 S17 S18 S19 S20 S21 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
1 1.7 1.8 2.1 2.5 1.8 2.2 0.927 
2 6.34 6.54 6.906 7.05 6.74 6.86 4.157 
3 24.54 27.51 31.7829 32.34 28.86 30.98 22.007 
4 56.06 57.46 69.5419 71.86 61.32 67.23 49.549 
5 106.23 108.74 123.242 132.22 114.21 119.59 93.918 
6 406.33 420.86 481.962 503.08 461.84 472.28 417.458 
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7 2191.73 2277.96 2339.13 2576.08 2326.16 2336.94 2237.8 
8 5603.64 6320.49 7917.95 8562.08 6412.84 7460.26 6364.4 
9 9892.99 10340.5 12289.6 14294.1 11244.84 12183.8 11396.7 
10 14442.0 15096.5 18979.3 19494.1 16977.49 17575.5 16572.6 
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7.2 Load deflection curves 
7.2.1 Stage 1- Determining optimum percentage of CR  
Figure 7-1 shows the envelop load-tip deflection curves of the joints’ hysteretic behavior. 
These curves were drawn using the points of maximum load with their associated 
deflections from each first cycle of each load step in the hysteresis loop. The shape of the 
curves is similar in push and pull direction. It should be noted that there is a slight 
difference in the value of the ultimate load between the positive and negative direction. 
This may be related to the geometrical imperfections and steel reinforcement disposition. 
Table 7-2 and Table 7-3 show the ultimate load, tip deflection at ultimate load, and 
ultimate deflection (Δu) (the displacement corresponding to 90% of the ultimate load in 
the descending branch of the envelop load deflection curve). The results indicated that 
increasing the CR percentage from 0% to 15% increased the tip deflection at ultimate 
load by 12.5%. This behavior may be attributed to the elastic nature of CR and the ability 
of CR to present large elastic deformation before failure (Ganesan et al., 2013). 
Increasing the CR percentage from 15% to 20% also increased the tip deflection 
compared to the mixture without CR (S1) but with a slight reduction compared to the 
15% CR mixture. Further increasing the percentage of CR from 20% to 25% reduced the 
tip deflection at ultimate load compared to the mixture without CR (S1). It can also be 
noted from Figure 7-1 that adding CR generally decreased the rate of strength degradation 
after reaching the ultimate load, indicating a more ductile failure. 
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7.2.2 Stage 2- Effect of using larger coarse aggregate size and MFs in rubberized 
concrete joints. 
Figure 7-2 shows the envelop load-tip deflection curves for joints with different 
percentages of CR (Figure 7-2a) and joints with different coarse aggregate sizes (Figure 
7-2b). By looking at mixtures with 20mm coarse aggregates (S7-S9), increasing the 
percentage of CR from 10% to 20% increased the deflection at ultimate load and ultimate 
deflection by 7.1% and 25%, respectively. Further increase in the percentage of CR above 
20% (S10 compared with S9) slightly reduced the deflection at ultimate load and ultimate 
deflection compared with the 20% CR mixture (S10 compared with S9). On the other 
hand, the optimal percentage of CR to obtain maximum deflection at ultimate load and 
ultimate deflection in the 10mm coarse aggregate mixtures was shown to be 15% (see 
Table 7-3). It should be noted that the elastic nature of CR increases the deformability of 
the concrete matrix (Ganesan et al., 2013), which can increase the joint deflection. 
However, the further reduction in the compressive strength and load carrying capacity at 
relatively high percentage of CR may be the reason for limiting the increase in the joint 
deflection.  
By looking at mixtures with small percentages of CR (up to 15%), increasing the coarse 
aggregate size from 10mm to 20mm in joints with similar percentage of CR and similar 
mode of failure (S8 compared with S4) resulted in a slight reduction in the deflection at 
ultimate load and ultimate deflection (Table 7-3). This may be attributed to the larger 
volume of the interfacial zone between cement mortar and larger coarse aggregate, which 
can lead to a reduction in the mixtures’ mechanical properties (Table 7-1) (Koehler and 
Fowler, 2007; Ismail and Hassan 2016b). 
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Figure 7-3a shows the envelop load-tip deflection curves of joints with different MF 
lengths and different concrete types. Table 7-2 and Table 7-3 also present the ultimate 
load, tip deflection corresponding to ultimate load, and ultimate deflection for joints S8-
S11. From Figure 7-3a and Table 7-3, it can be seen that adding MFs (35mm) to SCRC 
mixtures resulted in an increase in the tip deflection at ultimate load and ultimate 
deflection. For example, using MF35 in SCRC mixture with 15% CR increased the tip 
deflection at ultimate load and ultimate deflection by 8.8% and 5.8%, respectively (S11 
compared with S4). The results show that changing the concrete type from MFSCRC to 
MFVRC slightly increased the ultimate deflection and deflection at ultimate load (S12 
compared with S11). The increased deflection in MFVRC compared with MFSCRC may 
be related to the higher ultimate load of MFVRC, which resulted in a higher deflection 
(Table 7-2). Figure 7-3a and Table 7-3 also indicate that using longer MFs (60mm) 
showed comparable results to those of shorter MFs (35mm) in terms of ultimate 
deflection and deflection at ultimate load (S13 compared with S12). Figure 7-3b presents 
the envelop load-tip deflection curve for joints with maximized percentage of MFs and 
CR. Figure 7-3b and Table 7-3 show that in the VRC mixture (S14), where it was 
possible to combine 25% CR with 1% SF (it was not possible to develop SCC mixtures 
with those high percentages of CR and MFs), using these maximized percentages of CR 
and MFs helped the joint to experience significantly larger ultimate deflection and 
deflection at ultimate load compared with the control joint (without CR and MFs) (joint 
S14 compared with joint S1). 
 163 
 
7.2.3 Stage 3 – Effect of combining CR with different types, lengths, and volumes 
of SFs on structural behavior of beam-column joint. 
Figure 7-4a shows the envelop load-tip deflection curves for SFSCRC joints with 
different lengths and types of SFs. Table 7-3 shows the results of deflection 
corresponding to ultimate load and ultimate deflection (which represent the deflection 
corresponding to 90% of ultimate load in the descending branch of load-deflection 
envelop curve). From Figure 7-4a and Table 7-3, it can be observed that using MISFs, in 
general, showed insignificant increase in the deflection corresponding to ultimate load 
and ultimate deflection. For example, adding MISF19 to the SCRC joint showed 
inconsiderable increase in the deflection corresponding to ultimate load and ultimate 
deflection (not more than 1%) compared to the joint without fibers (S15 compared to S4). 
Moreover, adding MISF27 only increased the deflection at ultimate load and ultimate 
deflection by 3% and 2%, respectively, compared to the joint without fibers (S16 
compared to S4). The slight improvement of MISF27 compared to MISF19 may be 
attributed to the increased length and rough texture of MISF27 (see Figure 3-3), which 
exhibited a better bond with concrete compared to MISF19 (S16 compared to S15). On 
the other hand, using MASFs showed a significant increase in the deflection 
corresponding to ultimate load and ultimate deflection. For example, the increases in the 
ultimate deflection and deflection at ultimate load reached up to 4.5% and 8.1%, 
respectively, when MASF38 was used (S17 compared to S4). The better results of 
MASFs compared to MISFs could be attributed to the fact that using short fibers (MISFs) 
did not appear to provide sufficient length to develop adequate bonding with concrete 
(pullout failure). This was confirmed after a visual inspection of the failed joints, which 
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showed that all MISFs (19mm) and (27mm) appeared to fail under pullout failure while 
all MASFs failed under tensile failure.  
Figure 7-4b shows the load-deflection envelop curves for joints with different concrete 
types and different MASF lengths. Table 7-3 also presents the ultimate deflection and 
deflection corresponding to ultimate load for the same joints. It can be seen that changing 
the concrete type from SFSCRC to SFVRC showed comparable ultimate deflection and 
deflection at ultimate load (S18 compared to S17). The results also showed that by 
comparing joints with similar fiber type (MASFs) but with different fiber lengths, using 
shorter fibers appeared to have better results compared to longer fibers. For example, 
using MASF50 (S19) showed a slight reduction of 3.3% and 3.6%, respectively, in the 
deflection at ultimate load and ultimate deflection compared to the joint with MASF38 
(S18). However, this joint (S19) still showed higher deflections compared to the joint 
without fibers (S19 compared to S4). This behavior may be attributed to the fact that at a 
given percentage of fibers, using shorter fibers ensures a higher number of individual 
fibers dispersed in the mixture. The higher number of fibers in the mixture increases the 
likelihood of single fibers to be oriented across the cracks, and this contributes to 
increasing the load carrying capacity and, in turn, enhancing the deformability of the 
mixture (Ismail and Hassan, 2017). However, by comparing joints S20 to joint S19, it can 
be seen that increasing the size (length and diameter) of fibers from MASF50 to MASF54 
showed higher ultimate deflection and deflection at ultimate load compared to MASF50 
(but less than MASF38). This may be attributed to the higher tensile strength and rigidity 
of MASF54 (see Table 3-2), which requires higher stress to cause failure than that 
required by MASF50.  
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Figure 7-4c shows the envelop load-deflection curve for joints with maximized 
percentage of fibers (1%) and CR (25%). From Figure 7-4c and Table 7-3, it can be 
noticed that although using high percentage of CR (25%) resulted in a significant 
reduction in the load carrying capacity (S6 compared to S1), adding high percentage of 
SFs (1% in S21) compensated for this reduction and helped to achieve joint with higher 
deformability. 
 
 
Figure 7-1 Load deflection envelop curves for SCRC joints  
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Figure 7-2 Load deflection envelop curves a) joints with different percentages of CR 
in 20 mm coarse aggregate mixtures b) joints with different coarse aggregate sizes 
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Figure 7-3 Load deflection envelop curves a) joints with different MF lengths and 
different concrete types b) maximized percentage of SFs and CR 
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Figure 7-4 Load-deflection envelop curves a) SFSCRC joints with different SF 
lengths/types, b) SFVRC joints with different SF lengths/types, c) maximized 
percentage of SFs and CR  
 
 
7.3 Initial stiffness and stiffness degradation 
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Figure 7-5 shows the stiffness versus the number of cycles for all tested beam-column 
joints. It can be seen from the figure that the initial stiffness continued to decrease as the 
percentage of CR increased. For example, increasing the percentage of CR from 0% to 
25% resulted in a 37% reduction in the initial stiffness. This can be attributed to the 
decreased modulus of elasticity of CR compared to fine aggregate (Ismail and Hassan, 
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initiate and hence the stiffness of beam-column joints is not affected. The micro cracks 
tended to initiate and largely propagate as the number of cycles increased, which in turn 
decreased the overall stiffness of beam-column joints. By looking at Figure 7-5, it can be 
noted that for up to 30 cycles, the mixture without CR (S1) showed a stiffness reduction 
from 13.8 to 2.2 kN/mm while the mixture with 25% CR (S6) showed a stiffness 
reduction from 8.7 to 1.7, indicating that the rate of stiffness degradation decreased as the 
percentage of CR increased. 
7.3.2 Stage 2- Effect of using larger coarse aggregate size and MFs in rubberized 
concrete joints. 
Figure 7-6 shows the effect of increasing the percentage of CR (Figure 7-6a) and the 
effect of different coarse aggregate sizes (Figure 7-6b) on the beam-column joint’s 
stiffness throughout 30 cycles of loading. The initial stiffness was calculated in the elastic 
region by dividing the maximum load of first cycle in first load step by its corresponding 
displacement. From the figure, it can be seen that the beam-column joint stiffness was not 
affected up to almost 15 cycles and then started to decrease as the number of load cycles 
increased.  
The results presented in Figure 7-6b and Table 7-2 indicate that increasing the coarse 
aggregate size slightly reduced the initial stiffness of beam-column joints. For example, 
increasing the coarse aggregate size from 10mm to 20mm reduced the beam-column 
joint’s initial stiffness by 7.2% (S4 compared with S8). This may be attributed to the 
larger volume of the interfacial zone between cement mortar and coarse aggregate, which 
may lead to the initiation of earlier cracks, and hence reduction in the initial stiffness. 
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Figure 7-7a shows the initial stiffness and stiffness degradation of beam-column joints 
with different lengths of MFs and different concrete types throughout 30 cycles of 
loading. From Figure 7-7a and Table 7-2, it can be noticed that adding MFs (35mm) to 
the SCRC mixture with 15% CR increased the initial stiffness by 11.6% compared with 
the mixture without SFs (S11 compared with S4). This can be attributed to the higher load 
(at a given displacement) the joint with MFs sustained compared with joint without MFs 
(see Figure 7-3a). The results also indicated that changing the concrete type (S12 
compared with S11) or the MFs length (S13 compared with S12) did not show a 
significant effect on the initial stiffness of the beam-column joints. Figure 7-7b shows the 
effect of maximizing the percentage of CR and MFs on the initial stiffness and stiffness 
degradation of beam-column joints (S14 compared with S1). From Figure 7-7b, it can be 
noticed that maximizing the percentage of CR and MFs helped to significantly increase 
the initial stiffness of beam-column joints and decreased the rate of stiffness degradation. 
For example, using up to 25% CR and 1% MFs (35mm) increased the initial stiffness by 
22.4% compared with the control joint without CR and MFs (S1).  
7.3.3 Stage 3 – Effect of combining CR with different types, lengths, and volumes 
of SFs on structural behavior of beam-column joint. 
Figure 7-8a shows the stiffness degradation curves for SFSCRC joints with different SF 
types throughout 30 cycles of loading. From Figure 7-8a and Table 7-2, it can be seen that 
adding MISFs (MISF19 or MISF27) to SCRC mixtures insignificantly affected the initial 
stiffness of beam-column joints. However, using MISF27 appeared to have a better effect 
compared to the joint with MISF19. This is because of the rough texture of MISF27 (see 
Figure 3-3), which contributed to enhancing the bond between fibers and cement matrix 
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and, in turn, improving the initial stiffness. On the other hand, using MASFs appeared to 
have a significant effect on enhancing the initial stiffness of the beam-column joint, in 
which using MASF38 increased the initial stiffness by 9.3% compared to the joint 
without fibers (S17 compared to S4). The significant increase in the initial stiffness of 
MASFs compared to joints without fibers can be attributed to the bridging mechanism of 
the SFs that helped to restrict the cracks and limited their propagation.  
By looking at Figure 7-8a, it can be seen that in the joint without SFs (S4), the stiffness 
was almost constant up to approximately 9 cycles and then started to decrease. On the 
other hand, in joints with SFs, the stiffness was almost constant up to 12 cycles (MISF19 
or MISF27) or 15 cycles (MASF38) before it started to drop. At early stages of loading 
(up to 9 cycles), not more than 0.1mm crack widths were recorded in any of the tested 
joints. As the number of cycles increased, the cracks in the joint without fibers (S4) 
started to open wider, reducing the overall stiffness of the joint. On the other hand, in 
joints with SFs (S15, S16, and S17) at a higher number of cycles, the bridging mechanism 
of the fibers appeared to limit the crack widths and delayed the degradation of the joint’s 
stiffness (see Figure 7-9).  
Figure 7-8b shows the stiffness degradation curves for joints with different lengths and 
types of MASFs and different concrete types. From Figure 7-8b and Table 7-2, it can be 
noticed that changing the concrete type from SFSCRC to SFVRC had an insignificant 
effect on the initial stiffness of the beam-column joint (S18 compared to S17). The results 
also showed that changing the lengths/types of MASFs did not have a noticeable effect on 
the initial stiffness of beam-column joints (S18 compared to S19, S20). 
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Figure 7-8c and Table 7-2 show how adding high percentage of SFs to mixtures with high 
percentage of CR affects the initial stiffness and stiffness degradation. Although using 
high percentage of CR (25%) significantly reduced the initial stiffness (37.5% compared 
to the control joint without rubber, S6 compared to S1), adding high volume of MASFs 
(1%) alleviated this reduction. For example, adding 1% MASF38 increased the initial 
stiffness by 85% compared to the joint with 25% CR and no fibers (S21 compared to S6). 
Moreover, adding high percentage of MASFs contributed to delaying the degradation in 
the stiffness and helped to maintain the initial stiffness almost constant for a higher 
number of loading cycles. For instance, Figure 7-8c shows that in the joint with high 
percentage of MASFs (S21), the stiffness started to drop after 15 cycles, while in the joint 
without fibers (S6) the stiffness started to drop after 9 cycles. This may be attributed to 
the ability of fibers to restrict the crack propagation, which in turn delayed the 
deterioration of beam-column joint stiffness 
 
Figure 7-5 Stiffness degradation of SCRC joints 
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Figure 7-6 Stiffness degradation of tested specimens a) joints with different 
percentages of CR in 20 mm coarse aggregate mixtures b) joints with different 
coarse aggregate sizes 
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Figure 7-7 Stiffness degradation of tested specimens a) joints with different MF 
lengths and different concrete types b) maximized percentage of MFs and CR 
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Figure 7-8 Stiffness degradation of tested specimens a) SFSCRC joints with different 
SF lengths/types, b) SFVRC joints with different SF lengths/types, c) maximized 
percentage of SFs 
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flexural failure at beam end, “CB-mode” (which occurs when concrete crushes under load 
before beam reinforcement yield and the joint shear strength is higher than the joint shear 
stress). The results of this investigation indicated that for up to 15% CR the B-mode of 
failure was the dominant mode, in which the beam longitudinal reinforcement reached 
yield strength and there was no visual sign of joint shear failure in the cracking pattern 
(Figure 7-9). Beyond 15% CR, BJ-mode of failure occurred, in which beam longitudinal 
reinforcement reached yield strength first and then diagonal cracks were formed (see 
Figure 7-9). As mentioned above, when the joint shear stress exceeds the joint shear 
strength, the joint is more likely to fail in BJ-mode. At high percentages of CR, the 
compressive strength of concrete was significantly reduced, which greatly reduced the 
joint shear strength. Therefore, the mode of failure changed from B-mode to BJ-mode at 
high percentages of CR. 
Figure 7-9 and Table 7-2 show the cracking pattern, maximum crack width at beam-
column interface, and maximum crack width within the beam-column joint. From the 
figure, it can be seen that the number of randomly distributed cracks continued to increase 
as the percentage of CR increased up to 25%. This can be related to the reduction in STS 
that resulted from increasing the percentage of CR. Table 7-2 also shows that increasing 
the percentage of CR from 0% to 25% decreased the maximum crack width at the beam-
column interface. Cracks are more likely to interfere with rubber particles during 
propagation when the percentage of CR is increased. These rubber particles act as a crack 
arrester due to the deformability and ability of rubber to resist large tensile deformation. 
Therefore, the maximum crack width at beam-column interface decreased as the 
percentage of CR increased. On the other hand, within the beam-column joint, the cracks 
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started to initiate and propagate only at higher percentages of CR (higher than 15%) due 
to the reduction in joint shear strength (see Figure 7-9). Similar behavior of crack number 
and width in beam-column interface were observed in beam-column joints containing 
high percentages of CR (20% and 25% CR). 
7.4.2 Stage 2- Effect of using larger coarse aggregate size and MFs in rubberized 
concrete joints. 
Table 7-2 shows the failure mode for all tested joints (S1-S21). It can be seen that the 
dominant failure mode of joints with 10% to 20% CR in mixtures with 20mm coarse 
aggregate (S7-S9) was the B-mode failure, in which the longitudinal reinforcement of the 
beam reached yield with no visual sign of joint shear failure in the cracking pattern 
(Figure 7-9). Further increase in the percentage of CR beyond 20% appeared to change 
the failure mode from B-mode to BJ-mode (joint S10), in which beam longitudinal 
reinforcement reached yield first and then diagonal cracks were formed (see Figure 7-9). 
Similar behavior was also noted in mixtures with 10mm coarse aggregate (S1-S6), in 
which the mode of failure changed from B-mode to BJ-mode when the percentage of CR 
exceeded 15%. The change in failure mode, from B-mode to BJ-mode, may be attributed 
to the excessive reduction of the compressive strength (resulting from using relatively 
high percentage of CR), which negatively affects the joint shear strength. 
The results also indicated that at higher percentages of CR (20%) using a larger aggregate 
helped to change the mode of failure from BJ-mode (in 10mm coarse aggregate joint) to 
B-mode (in 20mm coarse aggregate joint). This may be related the improved aggregate 
interlock of larger coarse aggregate compared with smaller coarse aggregate, which 
contributed to enhancing the shear capacity of the joint (S5 compared with S9). 
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Table 7-2 also indicates that all joints with MFs (whether SCRC or SFVRC) (S11-S14) 
showed B-mode failure. The results also showed that combining 25% CR and 1% MFs 
(35mm) resulted in B-mode failure. It is worth noting that although S14 contains high 
percentage of CR (25%), which typically causes BJ-mode failure, adding the 1% MFs in 
this joint helped to arrest the cracks, improved the joint shear strength, and in turn 
changed the failure mode to B-mode failure. 
Figure 7-9 also indicates that joints with a larger coarse aggregate (20mm) had different 
cracking patterns. For example, by comparing S9 to S5 (similar percentage of CR but 
different coarse aggregate size), S9 with a larger coarse aggregate did not have cracks 
initiated within the beam-column joint (only at the beam-column interface). This can be 
attributed to the improvement of the aggregate interlock, which in turn improved the joint 
shear strength. 
Figure 7-9 and Table 7-2 show the cracking pattern, maximum crack width at beam-
column interface, and maximum crack width within the beam-column joint for MFSCRC 
and MFVRC joints. From the figure, it can be seen that using MFs (35mm) (joint S11) 
appeared to reduce the number of cracks at beam-column interface due to the improved 
STS. Also, the maximum crack width increased in the joint with MFs compared with the 
joint without MFs (S11 compared with S4). This can be attributed to the fact that using 
MFs allows the beam-column joint to experience larger deformation prior to failure, 
which contributed to developing wider cracks. A similar effect for MFs was also noticed 
in the MFVRC beam-column joint (S12 compared with S11). Figure 7-9 also shows that 
using longer MFs (60mm) in VRC joints exhibited similar cracking behavior to those 
with shorter MFs (35mm) (S13 compared with S12). Combining high percentage of MFs 
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(1%) with high percentage of CR (25%) compensated for the reduction in the joint’s shear 
strength as a result of using high percentage of CR, showing no cracks within the beam-
column joint and minimum crack width at beam-column interface, which indicates a 
better performance of beam-column joints (see joint S14 in Figure 7-9). 
7.4.3 Stage 3 – Effect of combining CR with different types, lengths, and volumes 
of SFs on structural behavior of beam-column joint. 
Table 7-2 also indicates that all joints with SFs (whether SFSCRC or SFVRC) (S15-S21) 
showed B-mode failure. The results also showed that using high percentage of CR (25%) 
exhibited BJ-mode failure. And adding 1% SFs (MASF38) (S21) changed this failure 
mode to B-mode, in which the beam longitudinal reinforcement reached yield without 
any visual sign of shear failure in the cracking pattern (see Figure 7-9). This can be 
attributed to the role of fibers in stitching the cracks, which improved the joint shear 
strength and in turn changed the failure mode to B-mode. The results also indicated that 
the upper and lower longitudinal reinforcement of the beam reached yield before failure. 
This was confirmed by the results of strain gauges attached to the upper and lower 
reinforcement at the beam-column interface section (section of maximum moment). 
Figure 7-9 and Table 7-2 show the cracking pattern and maximum crack width at beam-
column interface. From the Table and Figure, it can be seen that using MISFs slightly 
reduced the maximum crack width at failure. For instance, using MISF19 reduced the 
maximum crack width by 6% compared to the joint without fibers (S15 compared to S4). 
It should be noted that using MISF27 exhibited a better performance in restricting the 
cracks and limiting the crack width compared to the joint with MISF19 (S16 compared to 
S15). This may be attributed to the rough surface of MISF27, which enhanced the role of 
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fibers in stitching the cracks and limited the crack width, as mentioned earlier. The results 
also showed that using MASFs in SCRC joints exhibited a higher reduction in the 
maximum crack width at beam-column interface compared to joints with MISFs. For 
example, by comparing joint S17 to S15, it can be seen that using MASF38 reduced the 
maximum crack width by 11% compared to the joint with MISF19. This may be related 
to the improved bonding between MASF38 and concrete matrix compared to MISF19; 
the cracked joints showed a fiber pullout failure for MISF19 and a fiber tension failure for 
MASF38.  
Figure 7-9 and Table 7-2 show the cracking pattern, maximum crack width at beam-
column interface, and maximum crack width within the beam-column joint for SFVRC 
joints that have different lengths and types of SFs. By comparing joint S19 to S18, it can 
be noticed that using shorter MASFs showed higher improvement in the role of fibers in 
restricting the crack width. This may be attributed to the increased number of single fibers 
(for a given volume of fibers) in the mixture when shorter fibers are used, as explained 
before. It should also be noted that a similar effect for MASF38 in SCRC joints was also 
noticed in VRC joints (S18 compared to S17). Of all types/lengths of SFs, MASF38 
showed the highest improvement in the cracking behavior of beam-column joints. The 
results also showed that adding high volume of MASFs (1%) to high percentage of CR 
(25%) helped to compensate for the reduction in the joint shear strength resulting from 
the high percentage of CR. Using a high percentage of MASFs also appeared to restrict 
the initiation of cracks within the beam-column joint and reduce the number of cracks at 
the beam-column interface (S21 compared to S6 in Figure 7-9). 
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Figure 7-9 Cracking patterns for tested Beam-column joints 
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7.5 Ductility and brittleness index 
7.5.1 Stage 1- Determining optimum percentage of CR  
The displacement ductility is defined as the ratio between the ultimate deflection (Δu) and 
the yield displacement (Δy). Previous studies indicated that proper reinforcement 
anchorage and bonding capacity is essential to enhance beam-column joint ductility 
(Rajagopal and Prabavathy, 2014; Shiohara, 2004). Furthermore, bonding capacity and 
anchorage strength are directly proportioned to square root of compressive strength, in 
which increasing compressive strength resulted in an enhancement in the bonding 
capacity and hence enhancing the beam-column joint ductility. The load-tip deflection 
envelop curve was used to determine the ultimate and yield displacements. The 
intersection between the horizontal line at 90% of ultimate load and the extension of the 
line that passes through the origin and 50% of the ultimate load (Shannag et al., 2002) 
was taken as the yield displacement (Figure 7-10a). Meanwhile, the ultimate deflection 
(Δu) was taken as the intersection between the horizontal line at 90% of the ultimate load 
and the descending branch of the load-tip deflection envelop curve. Table 7-3 and Figure 
7-11a present the displacement ductility values for all SCRC tested specimens. From the 
table, it can be seen that increasing the percentage of CR from 0% to 15% exhibited an 
increase in the displacement ductility reaching up to 18.8%. This can be related to the low 
stiffness of CR, which enhanced the deformability and strain capacity of the tested 
specimen. On the other hand, the specimen with 20% CR (S5) showed a noticeable 
reduction in the displacement ductility compared to the 15% CR specimen (S4), but with 
a slight improvement in the displacement ductility compared to the control mixture (S1). 
Further increase in the CR replacement level beyond 20% resulted in a reduction in the 
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displacement ductility 5% less than the control sample (S1) (see Figure 7-11a). This 
reduction in the displacement ductility could be attributed to the change in the failure 
mode from B-mode to BJ-mode when the CR percentage increased above 15%. This 
change in failure mode induced a limited deformation capacity due to the strength 
reduction resulting from panel joint cracking. 
The brittleness index (BI) was also investigated in this study to evaluate the ductility and 
deformability of the tested specimens. BI of concrete joints in compression can be defined 
as (Topçu, 1997) the recovered deformation energy obtained before fracture (elastic 
energy capacity) divided by the irreversible plastic energy consumed during the failure 
(plastic energy capacity) (A2/A1 in Figure 7-10b). It is worth noting that unlike ductile 
materials, concrete as a brittle material should have a high BI value. Table 7-3 and Figure 
7-11a show the BI values for all tested specimens. It can be observed that increasing the 
percentage of CR from 0% to 15% decreased the BI value by 20.9%. The reduced BI 
values clearly highlight the improved ductility that resulted from increasing the 
percentage of CR. However, further increase in the percentage of CR appeared to increase 
the BI value, which negatively affected the concrete’s ductility. This behavior can be 
attributed to the same reasons explained before that caused a reduction in the 
displacement ductility. 
7.5.2 Stage 2- Effect of using larger coarse aggregate size and MFs in rubberized 
concrete joints. 
Table 7-3 and Figure 7-12a show the displacement ductility values for tested joints with 
different percentages of CR and different coarse aggregate sizes (S7-S10). From the table, 
it can be seen that increasing the percentage of CR up to optimum limit (20% in mixtures 
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with 20mm coarse aggregate) increased the displacement ductility. For example, in 20mm 
coarse aggregate mixtures (S7-S9), increasing the percentage of CR from 10% to 20% 
increased the displacement ductility by 6.8%. This can be attributed to the high 
deformability and low stiffness of CR that helped to improve the strain capacity and 
deformability of beam-column joints. Further increase in the CR percentage beyond 20% 
(S9) resulted in a reduction in the displacement ductility compared with mixture with 
20% CR. This can be related to the reduction in the joints’ shear strength, which limited 
the deformability and changed the failure mode from B-mode to BJ-mode (as discussed 
above). 
The results also indicated that in mixtures with low percentage of CR (up to 15%) 
increasing the coarse aggregate size from 10mm to 20mm slightly decreased the 
displacement ductility. For example, by looking at S4 compared with S8 (which have a 
similar percentage of CR (15%) and failure mode (B-mode)), increasing the coarse 
aggregate size from 10mm to 20mm reduced the displacement ductility by 9.2%. This can 
be related to the reduction in the compressive strength (see Table 7-1), which affected the 
displacement ductility, as mentioned above. 
Table 7-3 and Figure 7-12b present the displacement ductility for tested joints with 
different lengths/volumes of MFs and different types of concrete (S11-S14). From the 
table and the figure, it can be noticed that adding MFs (35mm) to SCRC mixture with 
15% CR significantly increased the displacement ductility, reaching up to 22.4%, 
compared with joint without MFs (S11 compared with S4). This can be related to the 
bridging mechanism of MFs, which allowed the joint to exhibit higher ultimate load and 
large deformation beyond the yield point. The results also indicated that changing the 
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concrete type from MFSCRC to MFVRC slightly increased the displacement ductility. 
This may be attributed to the higher ultimate load of MFVRC compared with MFSCRC, 
which resulted in higher ultimate deformation and in turn increased ductility. Moreover, 
increasing the fiber length (60mm) also enhanced the ductility compared with the control 
joint (S1) but with slightly less values compared with the 35mm MFs joint (S13 
compared with S12). Figure 7-12b also showed that maximizing the percentage of CR up 
to 25% and MFs up to 1% significantly improved the displacement ductility reaching up 
to 50% compared with the control joint without MFs and CR (S14 compared with S1). 
The brittleness index (BI) of tested joints was also investigated in this study. It should be 
noted that since concrete is a brittle material, it should have a higher BI value compared 
with other ductile materials. Table 7-3 and Figure 7-12a show the BI values for tested 
joints with different percentages of CR and different coarse aggregate sizes (S7-S10). 
From the results, it can be seen that the BI decreased as the percentage of CR increased 
up to optimum limit of 20% in mixtures with 20mm coarse aggregates. For example, 
increasing the percentage of CR in mixtures with 20mm coarse aggregate from 10% to 
20% decreased the BI by 11.1% (S7-S9). The reduced BI values clearly highlight the 
improved ductility that resulted from increasing the CR percentage. However, further 
increase in the percentage of CR (more than 20%) appeared to increase the BI value 
(compared with 20% CR joint). This behavior can be related to the same reason explained 
before in the ductility section. The results also indicated that increasing the coarse 
aggregate size in small percentage of CR mixtures (up to 15%) slightly increased the BI 
of tested joints, which emphasized the slight reduction in the ductility resulted from 
increasing coarse aggregate size. 
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Table 7-3 and Figure 7-12b present the BI values for tested joints with different MF 
lengths/volumes and different concrete types (S11-S14). From the table, it can be seen 
that combining MFs (35mm) with 15% CR decreased the BI value by 21.7% compared 
with the mixture without MFs (S11 compared with S4). This reduction in BI value 
highlights the enhanced ductility of the beam-column joints. The results also showed that 
changing the concrete type from MFSCRC to MFVRC at the same percentage of MFs 
and CR slightly decreased the BI value (S12 compared with S11). This can be attributed 
to the same reason discussed in the ductility section. Also, using longer MFs (60mm) 
increased the BI value compared with using shorter MFs (35mm) (S13 compared with 
S12), but still with less BI value (improved ductility) compared with the joint without 
MFs (S13 compared with S4). Figure 7-12b also shows that combining maximum 
percentage of CR (25%) with maximum percentage of MFs (1%) significantly reduced 
the BI value compared with the control joint (S14 compared with S1), in which the 
reduction in BI value reached up to 41.4%. 
7.5.3 Stage 3 – Effect of combining CR with different types, lengths, and volumes 
of SFs on structural behavior of beam-column joint. 
Table 7-3 shows the displacement ductility for SFSCRC tested joints with different SF 
types (S15-S21). It can be seen that using MISFs appeared to have an inconsiderable 
effect on the ductility of the beam-column joint. For example, adding MISF19 exhibited 
an increase in the ductility that did not exceed 1% compared to the joint without fibers 
(S15 compared to S4). On the other hand, using MASFs appeared to have a significant 
increase in the displacement ductility, in which adding MASF38 to the SCRC joint 
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increased the displacement ductility by 20.8% compared to the joint without fibers (S17 
compared to S4). This may be attributed to the same reasons discussed in earlier sections.  
Table 7-3 and Figure 7-13 present the displacement ductility for SFVRC tested joints 
with different lengths/types and volumes of MASFs. Increasing the fiber length generally 
showed a lower enhancement in the displacement ductility of beam-column joints. For 
example, using MASF38 in joint S18 and MASF50 in joint S19 increased the 
displacement ductility by 24.8% and 11.8%, respectively, compared to the joint without 
fibers (S4). As mentioned before, a higher number of single fibers oriented 
perpendicularly to the crack width is expected when shorter fibers are used. These fibers 
can better transfer the stress across the crack width and in turn help the joint to sustain 
higher load and larger deflection. The results also showed that using MASF54 showed  
better results in terms of displacement ductility than the joint with MASF50 (S20 
compared to S19) but with lower enhancement than that achieved with MASF38 (S20 
compared to S18). This may be related to the rough texture and higher tensile strength of 
MASF54 compared to MASF50 (see Table 3-2 and Figure 3-3). The highest 
improvement in the beam-column joints’ ductility was noticed when MASF38 was used. 
Table 7-3 and Figure 7-13 also showed that increasing the CR percentage up to 15% 
helped to improve the joint ductility. However, further increase in the CR percentage 
above 15% showed a drop in the joint ductility, in which using 25% CR decreased the 
ductility by 19.7% compared to the joint with 15% CR (S6 compared to S4). Adding high 
percentage of MASFs (1%) to the joint with high percentage of CR (25%) compensated 
for the reduction in the joint ductility; achieving ductility reached up to 59% higher than 
the joint without fibers (S21 compared to S6). This may be attributed to the significant 
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contribution of the MASFs in transferring the stress across the cracked section, which 
helped the joint to sustain higher load/deformation at failure and, in turn, higher 
displacement ductility. 
Table 7-3 and Figure 7-13 show the BI values for SFSCRC tested joints with different SF 
types and different coarse aggregate sizes (S15-S21). Similar behavior found in the 
deformability, initial stiffness, and ductility was also noticed in the BI. Adding MISFs to 
SCRC joints exhibited a slight effect on the BI value, while adding MASFs appeared to 
have a significant effect (compared to the joint without fibers). For example, adding 
MISF19 and MASF38 to SCRC joints showed a reduction in the BI value reaching up to 
4.3% and 21.7%, respectively.  
Table 7-3 presents the BI values for SFVRC joints with different MASF lengths/types 
and different concrete types. The table also indicates that increasing the length of the 
MASFs showed lower reduction in the BI value. This behavior clearly confirmed the 
better enhancement in the joint ductility when shorter MASFs (38mm) were used 
compared to longer ones (50mm), as discussed earlier. The results also showed that 
MASF54 appeared to have a better impact on the joint ductility compared to MASF50. 
For example, using MASF54 in joint S20 and MASF50 in joint S19 showed a reduction 
in the BI reaching up to 17.4% and 13%, respectively, compared to the joint without 
fibers (S4). 
The BI value also showed similar results concerning the effect of using high percentage 
of MASFs (1%) to compensate for the reductions in the joint ductility (resulting from 
using high percentage of CR). For example, adding high percentage of MASFs (1%) to 
the joint with high percentage of CR (25%) reduced the BI value by 50% compared to the 
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joint without fibers (S21 compared to S6). This result clearly emphasizes the significant 
enhancement in the joint ductility. 
7.6 Energy dissipation  
7.6.1 Stage 1- Determining optimum percentage of CR 
The energy dissipation (Ed) from the structure can be classified into two types: “viscous 
damping,” which represents the energy dissipation in elastic range; and “hysteretic 
damping,” which represents the energy dissipation in post-elastic range. The hysteretic 
energy dissipation capacity is used to evaluate the nonlinear behavior of the structure 
under lateral loading. The hysteretic energy dissipated capacity for beam-column joints 
can be calculated by summing up the energy dissipated in successive load-tip 
displacement loops during the test. The energy dissipated for a cycle can be estimated as 
the area enclosed by a hysteretic loop in the load-tip deflection curve. Table 7-4 and 
Figure 7-11c present the energy dissipated for each step and the cumulative energy 
dissipated for SCRC tested specimens. From Table 7-4 and Figure 7-11, it can be 
observed that the energy dissipation increased by 21% by increasing the percentage of CR 
from 0% to 15%. This can be related to the low stiffness of CR particles, which exhibited 
a higher flexibility and hence dissipated a large amount of energy. On the other hand, 
further increase in the percentage of CR beyond 15% resulted in a reduction in the energy 
dissipated. This behavior can be attributed to the fact that higher percentages of CR (20% 
and 25%) significantly reduced the compressive strength and correspondingly decreased 
the joint shear strength. Decreasing the joint shear strength appeared to have an 
undesirable pinching effect, which limited the load carrying capacity/deformability and 
reduced the energy dissipation. 
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7.6.2 Stage 2- Effect of using larger coarse aggregate size and MFs in rubberized 
concrete joints. 
Figure 7-14 shows the hysteretic cycles for all tested joints (S1-S21). Table 7-5 and 
Figure 7-12c show the energy dissipated for each load step and the cumulative energy 
dissipated for tested joints with different percentages of CR and different coarse 
aggregate sizes (S7-S10). From the table it can be seen that the hysteretic energy 
dissipation capacity increased as the percentage of CR increased up to 20% in mixtures 
with 20mm coarse aggregate. For example, increasing the percentage of CR from 10% to 
20% in mixtures with 20mm coarse aggregate increased the energy dissipation capacity 
by 10.3% (S7 compared with S9). This can be related to the low stiffness of CR particles, 
which exhibited a higher flexibility and hence dissipated a large amount of energy. 
However, further increase in the percentage of CR beyond 20% resulted in a reduction in 
the energy dissipated (compared with mixture with 20% CR). This behavior can be 
attributed to the reduction in the shear strength from using high percentage of CR (more 
than 20%), which changed the failure mode from B-mode to BJ-mode. This decrease in 
the shear strength had an undesirable pinching effect, which limited the load carrying 
capacity/deformability and reduced energy dissipation. The results also indicated that 
increasing coarse aggregate size from 10mm to 20mm in mixtures with smaller 
percentages of CR (up to 15%) decreased the energy dissipation capacity. For example, 
when comparing S8 to S4, at the same percentage of CR (15%) and failure mode (B-
mode), it can be seen that the energy dissipation capacity decreased by 12.2% when the 
coarse aggregate size increased from 10mm to 20mm. This can be attributed to the 
reduction in load carrying capacity and deformability that resulted from increasing coarse 
aggregate size, as mentioned before. 
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Table 7-5 and Figure 7-12d show the energy dissipation capacity for tested joints with 
different MF lengths/volumes and different concrete types (S11-S14). From the table, it 
can be seen that using MFs (35mm) considerably enhanced energy dissipation capacity, 
in which adding 0.35% MFs (35mm) to SCRC mixture with 15% CR increased the 
energy dissipation capacity by 50.5% compared with mixture without MFs (S11 
compared with S4). This can be attributed to the same reason explained before regarding 
the effect of MFs in enhancing the ductility and BI. The results also indicated that 
changing the concrete type from MFSCRC to MFVRC slightly enhanced the energy 
dissipation by 6.5% (S12 compared with S11). This may be related to the higher ultimate 
load and ultimate deflection of MFVRC compared with MFSCRC joints. Adding longer 
MFs (60mm) increased the energy dissipation capacity compared with mixture without 
MFs but showed reduced energy dissipation compared with mixture with shorter MFs 
(35mm). For example, adding 60mm MFs to VRC mixture with 15% CR increased the 
energy dissipation capacity by 46% compared with mixture without MFs (S13 compared 
with S4) and this increase was less than that obtained when shorter MFs (35mm) was 
used (S13 compared with S12). At the same volume of MFs, shorter fiber mixtures will 
have a higher number of fibers disperse in the mixture, which in turn increases the 
probability of fibers oriented perpendicular to cracks. This can efficiently contribute to 
transferring the stress across the cracks and allowing higher energy dissipation. It can also 
be noted that combining high percentage of MFs (1%) with high percentage of CR (25%) 
appeared to significantly enhance the energy dissipation capacity of beam-column joints. 
By comparing the energy dissipation capacity of joint S14 to the control joint S1, it can 
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be noticed that the energy dissipation capacity increased by 53.6% when using high 
percentage of MFs and CR. 
7.6.3 Stage 3 – Effect of combining CR with different types, lengths, and volumes 
of SFs on structural behavior of beam-column joint. 
Table 7-6 shows the energy dissipated for SFSCRC joints with different SF types. It can 
be seen that adding SFs generally helped to increase the energy dissipation for beam-
column joints. This can be attributed to the role of fibers in stitching the cracks and 
restricting the widening and propagation of the cracks, which helped the joints to sustain 
higher loads and experience larger deformation, and therefore dissipate more energy 
before failure. In SFSCRC joints, using MISF19 and MISF27 (S15-S16) increased the 
energy dissipation capacity by 4.1% and 8.8%, respectively, compared to the joint 
without fibers (S4), while this increase reached up to 36.8% when MASF38 was used.  
Table 7-6 and Figure 7-13 also show the energy dissipated capacity for SFVRC tested 
joints with different MASF lengths/types and different concrete types (S18-S21). 
Changing the concrete type from SFSCRC to SFVRC did not show a significant effect on 
the energy dissipation capacity of tested joints. The results also showed that increasing 
the MASF from 38mm to 50mm showed less improvement in the energy dissipation 
capacity of the beam-column joint compared to the joint without fibers (S4). It should be 
noted that MASF38 showed the highest increase in energy dissipation among all 
types/lengths of SFs used in this study. Adding high percentage of MASFs (1%) to the 
joint that had a high percentage of CR (25%) helped to significantly compensate for the 
reduction in the energy dissipation capacity that resulted from using high percentage of 
CR. For example, adding 1% MASFs to the joint with 25% CR (S21) compensated for 
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the reduction in the energy dissipation capacity up to 45.4% compared to the joint without 
SFs. (S6). This may be attributed to the stitching mechanism of fibers, which contributed 
to enhancing the joint shear strength and hence helped the joint to sustain higher ultimate 
load and larger deformation, leading to higher energy dissipation capacity. 
7.7 First crack load and ultimate load 
7.7.1 Stage 1- Determining optimum percentage of CR 
The first crack load was observed visually and then confirmed with the value associated 
with the change in slope of the load-tip deflection envelop curve for SCRC tested 
specimens. Table 7-2 and Figure 7-11b show the first crack load and ultimate load for 
SCRC tested specimens. It can be observed that increasing the percentage of CR 
generally reduced the first crack load and ultimate load for beam-column joints subjected 
to reverse cyclic loading. It can also be noticed that the first crack load was more affected 
by increasing the percentage of CR compared to the ultimate load. Increasing the 
percentage of CR from 0% to 25% reduced the first crack load by 39% while the ultimate 
load was reduced by 19%. It should be noted that the first crack load is more affected by 
the tensile strength of concrete compared to the ultimate load. Since increasing the 
percentage of CR in the mixture greatly reduced the tensile strength of concrete (Table 
7-1), the reduction in the first crack load was more pronounced than the reduction in the 
ultimate load. 
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7.7.2 Stage 2- Effect of using larger coarse aggregate size and MFs in rubberized 
concrete joints. 
Table 7-2 and Figure 7-12e show the first crack load and ultimate load for tested joints 
with different percentages of CR and different coarse aggregate sizes (S7-S10). From the 
table, it can be seen that increasing the percentage of CR generally decreased the first 
crack load and ultimate load for beam-column joints subjected to reverse cyclic loading. 
It can also be noted that the first crack load was more affected by increasing the 
percentage of CR compared with the ultimate load. For example, increasing the 
percentage of CR from 10% to 25% in mixtures with 20mm coarse aggregate (S7-S10) 
decreased the first crack load by 17.6% while the ultimate load was reduced by 9.3%. It is 
worth noting that the first crack load is more affected by the tensile strength of concrete 
compared with the ultimate load. Therefore, reducing tensile strength of concrete due to 
increasing the percentage of CR (see Table 7-1) significantly reduced the first crack load 
compared with ultimate load. Table 7-2 also shows that using larger coarse aggregate 
(20mm) in mixtures with smaller percentages of CR (up to 15%) resulted in a slight 
reduction in the first crack load and ultimate load compared with joints with smaller 
aggregate size (S8 compared with S4). However, in beam-column joints with higher 
percentage of CR (20%), using larger coarse aggregate (20mm) helped to enhance joint 
shear strength and change failure mode (see Figure 7-9), which in turn increased the 
ultimate load (S9 compared with S5). 
Figure 7-12f and Table 7-2 show the first crack load and ultimate load for MFSCRC and 
MFVRC tested joints. From the table, it can be seen that using MFs (35mm) appeared to 
significantly increase the first crack load and load carrying capacity compared with joints 
without MFs (S11 compared with S4). This behavior may be attributed to the mechanism 
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of MFs in delaying the initiation of internal micro cracks and forcing the cracks to take a 
meandering path, demanding more energy for further propagation and in turn increasing 
the load carrying capacity. Similar behavior for first crack load and ultimate load of 
MFSCRC joints was also noticed in MFVRC joints (S12 compared with S11). The results 
also showed that using longer MFs (60mm) slightly decreased the first crack load and 
load carrying capacity compared with shorter ones (35mm). As mentioned before, beam-
column joints with high percentage of CR (25%) exhibited a different failure mode (BJ-
mode) with decreased load carrying capacity. Combining high percentage of MFs (1%) 
with high percentage of CR (25%) (S14) appeared to immensely enhance the beam-
column joint behavior. Although S14 contains high percentage of CR (25%), which 
reduces the load carrying capacity of the joint, adding 1% MFs in this joint enhanced the 
ductility, BI, deformability, and energy dissipation and also compensated for the 
reduction in the load carrying capacity, achieving strength comparable to the control joint 
(S1). 
7.7.3 Stage 3 – Effect of combining CR with different types, lengths, and volumes 
of SFs on structural behavior of beam-column joint. 
Table 7-2 presents the first crack load and load carrying capacity of SFSCRC joints with 
different SF types and different coarse aggregate sizes (S15-S21). It can be seen that 
adding SFs to SCRC joints generally increased the first crack load and load carrying 
capacity of beam-column joints. For example, adding MASF38 to the SCRC joint 
increased the first crack load and ultimate load by 37.8% and 10.4%, respectively, 
compared to the joint without fibers (S17 compared to S4). This may be attributed to the 
role of SFs in delaying the initiation of internal micro-cracks and pushing the cracks to 
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take a meandering path, which requires more energy for further propagation. Table 7-2 
also shows that the effect of using fibers was more pronounced on the first crack load 
compared to the ultimate load. This may be related to the fact that the first crack load is 
more affected by the tensile strength compared to the ultimate load. Therefore, the 
increased tensile strength of concrete mixtures that resulted from using SFs significantly 
increased the first crack load compared to the ultimate load.  
Using MASFs in SCRC joints exhibited a higher first crack load and ultimate load 
compared to using MISFs. For example, using MASF38 increased the first crack load and 
ultimate load by 31.3% and 9.16%, respectively, compared to the joint with MISF19 (S17 
compared to S15).  
Table 7-2 shows the first crack load and ultimate load for SFVRC joints with different 
MASF lengths/types and different concrete types. Shorter MASFs (MASF38) showed 
better results compared to longer MASFs (MASF50). The highest increase in the first 
crack load and ultimate load in all tested fibers was noticed with MASF38. Table 7-2 also 
shows that adding 1% MASF38 to joint with 25% CR contributed to recovering the 
reductions in the first crack load and ultimate load as a result of using high percentage of 
CR and achieved strength comparable to the control joint (S21 compared to S1).  
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Figure 7-10 (a) Definition of ductility, (b) Definition of brittleness index 
 
0
10
20
30
40
50
60
70
80
90
100
0 5 10 15 20 25 30 35 40
L
o
ad
 (
k
N
)
Deflection (mm)
Yield displacement
90 % 
ultimate 
50% 
ultimate 
load 
Ultimate displacement 
(a) 
(b) 
 202 
 
  
 
Figure 7-11 Influence of CR % on the first crack load, ultimate load, ductility, 
brittleness, and energy dissipation 
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Figure 7-12 Influence of CR %, coarse aggregate size, MFs volumes/lengths on the 
first crack load, ultimate load, ductility, brittleness, and energy dissipation 
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Figure 7-13 Influence of SFs types, lengths, and volumes on the first crack load, 
ultimate load, ductility, brittleness, and energy dissipation 
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Figure 7-14 Load deflection curve for reverse cyclic loading (hysteresis cycles) for 
tested joints 
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8 Discussion of results from experimental study 5: structural behavior 
of rubberized ECC beam-column joints under cyclic loading 
8.1 Introduction 
This chapter presents the structural behavior of rubberized engineered cementitious 
composite (ECC) beam-column joints under cyclic loading. The effect of using different 
cementitious materials (SCMs) and different sand types on the cyclic behavior of ECC 
joints were also investigated. The main parameters were the percentage of CR (0%, 5%, 
10%, and 15% by volume of sand), type of SCMs (MK, SLF, and FA), and type of sand 
used (silica sand and natural sand). The investigation also tested a conventional normal 
concrete with 10mm coarse aggregate size for comparison. The beam-column joint in this 
study was designed according to strong-column weak beam concept to put more focus on 
the ductile failure rather than brittle failure. The structural performance of tested beam-
column joints was evaluated based on the load-deflection envelop response, hysteresis 
behavior, initial stiffness, deformability, cracking behavior, displacement ductility, 
brittleness index, energy dissipation, first cracking load , and ultimate load. Table 8-1, 
Table 8-2 and Table 8-3 present the results obtained from the cyclic load tests of tested 
joints. The results and discussions presented in this chapter have been published in the 
paper number eight mentioned earlier at the beginning of this thesis. 
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Table 8-1 Yield deflection, ultimate deflection, ductility, brittleness index, compressive strength, and STS  
 
Joint # Mixture ID 
Deflection 
at yield Δy 
(mm) 
Deflection 
at ultimate 
load (mm) 
Ultimate 
deflection 
Δu (mm) 
Ductility 
(Δu / Δy) 
Brittleness 
index 
f'c 
(MPa) 
STS 
(MPa) 
S1 ECC-FA 4.58 18.82 27.5 6 0.2 49 6.4 
S2 ECC-FA-5CR 5.08 19.86 33 6.49 0.18 45.6 6.1 
S3 ECC-FA-10CR 5.22 20.41 35.8 6.86 0.16 39.7 5.8 
S4 ECC-FA-15CR 5.6 21.2 39.8 7.1 0.15 35.2 5.6 
S5 ECC-MK 4.25 16.6 24 5.65 0.22 63.3 7.2 
S6 ECC-SLF 4.32 17.63 25 5.79 0.21 54.8 6.7 
S7 ECC-FA-NS 4.8 16.87 25.5 5.31 0.23 48.5 6.3 
S8 NC 5.67 13.6 22.1 3.9 0.33 51 3.5 
 
Table 8-2 Results of reverse cyclic loading 
Joint # Mixture ID 
First crack 
load (KN) 
Ultimate 
load (KN) 
Failure 
mode 
Initial 
stiffness 
(KN/mm) 
Crack width 
At beam-
column 
interface (mm) 
Within joint 
panel (mm) 
S1 ECC-FA 36.05 110.71 B-mode 23.45 4.8 -- 
S2 ECC-FA-5CR 33.1 105.24 B-mode 21.36 4.5 -- 
S3 ECC-FA-10CR 29.6 101.46 B-mode 19.98 4 -- 
S4 ECC-FA-15CR 26.7 97.63 B-mode 18.5 3.5 -- 
S5 ECC-MK 40.15 121.46 B-mode 26.71 3.8 -- 
S6 ECC-SLF 38.91 118.06 B-mode 25 4 -- 
S7 ECC-FA-NS 33.04 102.79 B-mode 19.73 5 -- 
S8 NC 28.5 92.5 B-mode 15.9 5.7 -- 
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Table 8-3 Cumulative energy dissipation 
Step 
# 
S1 S2 S3 S4 S5 S6 S7 S8  
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(KN.mm) 
Ed 
(kN.mm) 
1 1.0 1.4 1.6 1.7 1.0 1.0 0.9 0.2 
2 4.6 5.1 5.2 6.1 4.4 4.5 4.2 1.0 
3 14.2 26.9 28.3 31.0 14.1 14.1 11.6 4.5 
4 40.7 69.3 76.4 89.4 38.1 39.1 37.5 20.2 
5 105.1 133.0 159.2 177.0 93.4 97.2 91.1 39.7 
6 379.9 506.1 628.7 768.2 351.0 361.2 319.4 169.5 
7 2268.8 2402.7 2645.4 3173.0 2116.1 2188.9 2091.6 1269.5 
8 6130.2 6380.8 6815.1 7455.8 5968.0 6087.7 5776.5 3329.1 
9 10163.8 10420.8 11019.4 12649.9 9847.1 10056.1 9666.3 5940.6 
10 14918.5 15326.3 16614.8 19416.7 13144.6 14199.0 13098.4 9236.6 
11 21251.2 22488.4 23677.8 26170.8 19642.7 20194.0 18874.7 13610.9 
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8.2 Mechanical properties results 
Table 8-1 shows the 28-day compressive strength and STS of all tested mixtures. From 
the table, it can be seen that the NC mixture exhibited a compressive strength and STS of 
51 MPa and 3.5 MPa, respectively. For ECC mixtures, the inclusion of CR as a partial 
replacement of silica sand generally reduced the compressive strength and STS of 
developed mixtures. For example, adding 5% CR to ECC mixture (S2) reduced the 
compressive strength and STS by 7% and 4.7%, respectively, compared to reference ECC 
mixture without CR (S1). Farther increase in the percentage of CR (above 5%), resulted 
in a further decrease in the compressive strength and STS. For instance, a significant 
reduction in the compressive strength and STS reached up to 28.2% and 12.5%, 
respectively, was observed when the percentage of CR increased to 15%. This behavior 
may be attributed to  
• The elastic nature of CR compared to the hardening cement mortar, which allows 
the CR to experience higher strain compared to hardening mortar and in turn 
developing and propagating numerous micro-cracks which weaken mixture 
(Ismail and Hassan, 2016; Najim and Hall, 2010).  
• The significant low stiffness of CR particles compared to hardened cement paste 
which contributes to neglect the area of CR particles in resisting the applied load 
and in turn reducing the effective area that resisting applied stress (Khaloo et al., 
2008). 
The results also showed that partial replacement of FA with other SCMs such as MK and 
SLF increased the compressive strength and STS of ECC mixtures. For example, partial 
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replacement of FA with MK immensely increased the compressive strength and STS by 
29.2% and 12.5%, respectively (S5 compared to S1). These increases reached up to 
11.8% and 4.7%, respectively (S6 compared to S1), when SLF was used. The increase in 
the compressive strength and STS with the addition of MK or SLF may be attributed to 
the high pozzolanic reactivity of MK and SLF compared to FA which helped to 
significantly density the mixture and increase the overall mechanical properties of tested 
mixtures. From Table 8-1, it can be also noted that replacing the silica sand with natural 
sand with larger aggregate size showed a negligible effect on the compressive strength 
and STS of ECC mixtures. For example, the difference in compressive strength and STS 
did not exceed 1% when silica sand was fully replaced with natural sand (S7 compared to 
S1).  
8.3 Load-deflection envelop curves 
Figure 8-1a shows the envelop load-deflection curves for ECC joints with different CR 
percentages. The envelop curves were drawn based on the points of maximum load from 
the first cycle of each load step and their corresponding deflections from the hysteresis 
loop. From the figure, it can be seen that there is a slight difference between the 
maximum load in the push and pull directions. This may be related to the geometrical 
imperfections and steel bars disposition. Table 8-1 shows the results of ultimate 
deflections and deflections corresponding to ultimate load, in which ultimate deflection 
represents the deflection corresponding to 90% of ultimate load in the descending branch 
of load-deflection envelop curve. This percentage was chosen based on previous studies 
conducted in this area (Faleschini et al., 2017; Paulay, 1989). From Figure 8-1a and Table 
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8-1, it can be observed that increasing the CR percentage generally increased the ultimate 
deflection and deflection corresponding to ultimate load. For example, increasing the CR 
percentage from 0% to 15 % significantly increased the ultimate deflection and deflection 
corresponding to ultimate load by 44.7% and 12.6%, respectively, (S4 compared to S1). 
This may be attributed to the high elasticity of CR particles which exhibit a large elastic 
deformation before failure (Ganesan et al., 2013). Figure 8-1a also showed that adding 
CR generally reduced the rate of strength degradation after reaching the ultimate load. By 
comparing joint S4 with 15% CR to joint S1 with 0% CR, it can be seen that the slope of 
the descending branch of load-deflection curve for S4 is more flattened compared to that 
of joint S1, indicating a more ductile failure. It can be also noted that increasing the 
percentage of CR appeared to decrease the initial stiffness of beam-column joints. This 
can be related to the reduction in the compressive strength resulted from adding CR. 
Figure 8-1b shows the load-deflection envelop curve for NC joint and ECC joints with 
partial replacement of FA with MK and SLF and fully replacement of silica sand with 
natural sand (S5-S8). Table 8-1 presents the deflections at ultimate load and ultimate 
deflections for joints (S5-S8). Partial replacement of FA with MK or SLF appeared to 
have a negative effect on the ultimate deflection and deflection at ultimate load. For 
example, partial replacement of FA with MK reduced the ultimate deflection and 
deflection at ultimate load by 12.7% and 11.8%, respectively, while these reductions 
reached up to 9% and 6.3%, respectively, when SLF was used. The results also revealed 
that using MK or SLF increased the initial stiffness of beam-column joints by 13.9% and 
6.6%, respectively compared to joint with FA only (S5 and S6 compared to S1). This may 
be related to the enhancement of the fiber-matrix chemical bond and the increase in the 
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matrix toughness when using MK or SLF compared to FA only (Wang and Li, 2006; 
Şahmaran st al., 2009). By looking at Figure 8-1b, it can be also seen that the rate of 
strength degradation in joint with MK is slightly higher than that of joint with SLF and 
reference joint (S5 compared to S1 and S6), indicating a slight brittle failure. The results 
also indicated that the full replacement of silica sand with natural sand resulted in a 
reduction in the initial stiffness (15.9%), ultimate deflection and deflection at ultimate 
load. This may be attributed to that larger aggregate size in natural sand increases the 
possibility of aggregate interlock which provide higher matrix toughness (Li, 1997; Li et 
al., 1995) and therefore,  leads to a lower deformation capacity. It should be noted that 
NC joint showed the lowest deformation capacity compared to all tested ECC joints. By 
comparing reference joint S1 to NC joint S8, it can be seen that the slope of the 
descending branch of load-deflection envelop curve for S1 is more flattened compared to 
that of joint S8, indicating a more ductile failure. Moreover, the slope of the linear portion 
of load-deflection envelop curve for NC joint (S8) appeared to be lower than that of 
reference joint S1, indicating lower initial stiffness of joint S8 compared to S1. 
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Figure 8-1 Load-deflection envelop curves a) ECC joints with different percentage 
of CR, b) NC joint and ECC joints with different SCMs and different aggregate 
type. 
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8.4 Failure modes and cracking pattern 
Figure 8-2 shows the cracking pattern for tested ECC joints with different percentage of 
CR, different SCMs, and different sand type. All crack widths in Figure 8-2 are in mm 
and their values are corresponding to the failure load at cycle 21 (load step 7).  Table 8-2 
presents the maximum crack width at failure stage and failure mode for the tested joints. 
It can be observed that all tested joints showed beam yielding failure (B-mode), in which 
the beam longitudinal reinforcement reached yield (as indicated by the strain gauges 
attached to the steel reinforcement) without any visual sign of shear failure within the 
beam-column joint (see Figure 8-2). Figure 8-2 also showed that increasing the 
percentage of CR generally increased the number of cracks but with smaller crack widths. 
For example, increasing the percentage of CR from 0% to 15 % increased the number of 
cracks from 11 to 16 cracks and decreased the maximum crack width from 4.8mm to 
3.5mm (joint S1 compared to S4). This may be attributed to the reduction in the concrete 
tensile strength that resulted from adding CR, as confirmed by STS results (See Table 
8-1). This reduction in the tensile strength allowed to initiate more cracks compared to 
joint without CR. In addition, the low modulus of elasticity of CR particles resulted in a 
differential strain rate between soft rubber particle and hardened cement matrix. This 
difference in strain rate contributed to generate a stress concentration at rubber-mortar 
interface and in turn helped to develop large number of cracks (Ismail and Hassan, 2016; 
Najim and Hall, 2010). The results also indicated that partially replacing the FA with MK 
or SLF reduced the number of cracks and maximum crack width compared to the 
reference joint (S5 and S6 compared to S1). For example, using MK and SLF reduced the 
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maximum crack width from 4.8mm in joint S1 to 4mm and 3.8mm in joints S5 and S6, 
respectively. This can be explained such that the joint with FA has a higher deformability 
which allows higher number of cracks and wider crack widths compared to joints with 
MK or SLF that have lower deformability. From the results, it can be also seen that using 
natural sand with larger aggregate size compared to silica sand exhibited a significant 
lower number of cracks and a slightly higher crack widths. This behavior may be 
attributed to that the higher matrix toughness of ECC with natural sand (as mentioned 
earlier) which reduces the chance to develop multiple cracking compared to joint with 
silica sand (Li, 1997; Li et al., 1995). Furthermore, using smaller aggregate size can help 
to obtain better dispersion of fiber in the matrix (compared to larger aggregate size). The 
better dispersion of fibers improves the fibers stitching mechanism and hence, helps to 
reduce the crack width. Therefore, using silica sand showed slightly less crack width 
compared to using natural sand. By looking at joint with NC mixture (S8), it can be 
observed that although NC joint did not show shear failure (no shear cracks was observed 
in the joint zone), the cracking pattern exhibited a significant merged shear cracks in the 
beam portion. On the other hand, unlike NC joint, all tested ECC joints showed flexural 
cracks distributed in the beam portion with finer crack widths ranged from 0.02mm to 
0.25mm. The cracking pattern clearly highlighted the enhanced shear strength of ECC 
compared to NC, in which no significant shear cracks were observed in the beam portion 
of ECC specimens.  
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Figure 8-2 Failure cracking pattern for tested joints 
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8.5 Displacement ductility and brittleness index 
The displacement ductility in this study is defined as the ratio between the ultimate 
displacement and the yield displacement. The displacement ductility proved to have a 
direct relation with the bonding capacity and reinforcement anchorage (Rajagopal and 
Prabavathy, 2014; Shiohara, 2004). Furthermore, the bonding capacity has a direct 
proportion with the square root of the compressive strength (Shannag et al., 2002). 
Therefore, as the compressive strength increases the bonding strength increases and in 
turn the displacement ductility improves. The yield displacement can be defined as the 
intersection between the horizontal line at 90% of ultimate load and the extension of the 
line that passes through origin and 50% of ultimate load. Meanwhile, the displacement 
that corresponding to the intersection between the horizontal line at 90% of the ultimate 
load and the descending branch of load-deflection envelop curve can be defined as the 
ultimate load (Shannag et al., 2002), see Figure 8-3a. Table 8-1 and Figure 8-4a show the 
displacement ductility for ECC joints with CR percentage varied from 0% to 15%. From 
the table and the figure, it can be observed that the inclusion of CR generally enhanced 
the displacement ductility of tested joints. For example, increasing the CR percentage up 
to 15% significantly increased the displacement ductility by 18.3% compared to reference 
joint without CR (S4 compared to S1). This behavior may be attributed to the low 
stiffness of CR, which contributed to enhance the deformability and strain capacity and in 
turn enhanced the ductility. 
Table 8-1 and Figure 8-4b show the displacement ductility for NC joint and ECC joints 
with MK, SLF, and natural sand. It can be seen that, partial replacement of FA with MK 
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or SLF resulted in a slight reduction in the displacement ductility. The reduction in the 
displacement ductility in joints with MK and SLF (S5 and S6) reached up to 5.8% and 
3.5%, respectively compared to the reference joint (S1). This may be related to the higher 
toughness of concrete matrix resulted from adding MK/SLF, which contributed to limit 
the deformation capacity and in turn negatively affected the displacement ductility. The 
results also revealed that the full replacement of silica sand with natural sand 
considerably reduced the displacement ductility by 11.5% compared to reference joint (S7 
compared to S1). This reduction may be attributed to the increase of the mixture 
toughness with larger aggregate size (as explained earlier). The increase of the mixture 
toughness reduces the deformation capacity which has a direct effect of reducing the 
displacement ductility. It should be noted that the reference ECC joint showed a higher 
displacement ductility of 53.8% compared to NC joint counterpart with comparable 
strength (S1 compared to S8). However, the displacement ductility of NC joint falls 
within the range of 3 to 5, which is considered suitable for structural members in areas of 
seismic activities, as reported by previous researchers (Ashour, 2000; Teo et al., 2006; 
Gunasekaran et al., 2013). It is worth noting that the design base shear, which is 
considered an important factor in designing structures in seismic areas, has an adverse 
relationship with the displacement ductility. Therefore, the enhanced ductility of ECC 
joints, especially in joints with CR, compared to NC joint can contribute to decrease the 
design base shear, which in turn helps to obtain an economical design for the structural 
members subjected to seismic actions. 
Since the concrete is a brittle material, its brittleness index should be higher than other 
ductile materials. The brittleness index of joints subjected to cyclic loading can be defined 
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as the ratio between the elastic energy capacity and the plastic energy capacity (A2/A1 in 
Figure 8-3b). Table 8-1 and Figure 8-4a show the brittleness index for ECC joints with 
different percentage of CR. Increasing the percentage of CR significantly decreased the 
brittleness index value, in which increasing the CR percentage from 0% to 15% 
significantly reduced the brittleness index by 25%. The significant reduction in the 
brittleness index value resulted from increasing the CR percentage clearly highlight the 
enhanced ductility of tested joints. This may be attributed to the same reasons discussed 
before in ductility section. Table 8-1 and Figure 8-4b show the brittleness index of NC 
joint and ECC joints with MK, SLF, and natural sand. From the table and the figure, it 
can be observed that NC joint showed a higher brittleness index of 43.5% compared to 
reference ECC joint with comparable compressive strength, which clearly highlight the 
enhanced ductility of ECC joint compared to NC joint. The results also revealed that 
partial replacement of FA with MK or SLF increased the brittleness index by 10% and 
5%, respectively, compared to reference joint (S5 and S6 compared to S1). It can be also 
noted that using natural sand instead of silica sand (joint S7) resulted in a considerable 
increase in the brittleness index value reached up to 15% compared to reference joint 
(S1). This increase in the brittleness index value obviously emphasize the negative effect 
of using natural sand on the joints ductility.  
 
8.6 Energy dissipation 
The non-linear behavior of beam-column joints under cyclic loading has been evaluated 
by calculating the hysteretic energy dissipation which represents the energy dissipation in 
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post-elastic zone. The hysteretic energy dissipation capacity can be calculated by 
summing up the energy dissipation of each load step until failure. The energy dissipation 
of each load step can be defined as the area enclosed by the hysteretic loops of the load 
step in the load-deflection curve (Topçu, 1997). Figure 8-5 shows the hysteresis cycles of 
the load-deflection curves for all tested joints (S1-S8). Table 8-3 and Figure 8-4c present 
the energy dissipation capacity of ECC joints with different percentage of CR. From the 
figure and the table, it can be noted that increasing the percentage of CR significantly 
enhanced the energy dissipation capacity of tested joints. For instance, by comparing joint 
S4 to joint S1, it can be observed that the energy dissipation capacity increased 
significantly by 23.2% when the percentage of CR increased from 0% to 15%. This may 
be attributed to the higher flexibility of CR particles which contributed to enhance the 
deformability of the tested joints and in turn dissipated large amount of energy. Table 8-3 
and Figure 8-4d show the energy dissipation capacity of NC joint, ECC joints with MK 
and SLF, and ECC joint with natural sand. From the results, it can be revealed that 
developing high strength ECC with high pozzolanic reactivity materials such as MK and 
SLF as a partial replacement of FA in ECC mixtures slightly reduced the energy 
dissipation capacity. For example, partially replace the FA with MK and SLF slightly 
reduced the energy dissipation capacity by 7.6% and 4.9%, respectively, compared to 
reference joint (S5 and S6 compared to S1). This behavior can be explained by the fact 
that using MK or SLF helped to increase the cement matrix toughness and decreased the 
deformation capacity and in turn reduces the energy dissipation. The results also indicated 
that using natural sand with larger aggregate size (compared to silica sand) led to a 
significant reduction in the energy dissipation capacity reached up to 11.2% compared to 
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reference joint (S7 compared to S1). This can be related to the lower ultimate load and 
deformation capacity of joint with natural sand (compared to joint with natural sand) 
which negatively affected the energy dissipation capacity of the tested joint. From the 
results, it can be also observed that energy dissipation capacity of reference ECC joint 
significantly increased by 56.1% compared to that of NC joint with comparable strength 
(S1 compared to S8). This can be attributed to the enhanced ultimate load and 
deformation capacity of ECC joint compared to NC one. 
8.7 First crack load and ultimate load 
The first crack load was noticed by visual inspection and confirmed with the load value 
corresponding to the change in slope of the load-deflection envelop curve. Table 8-2 and 
Figure 8-4e show the first crack load and ultimate load for ECC joints with different 
percentage of CR. Increasing the percentage of CR, in general, reduced the first crack 
load and ultimate load. For example, increasing the percentage of CR from 0% to 15% 
showed a noticeable decrease in the first crack load and ultimate load reached up to 
25.9% and 11.8%, respectively, (S4 compared to S1). This may be attributed to the 
reduction in the compressive strength and STS resulted from adding CR. It should be 
noted that the first crack load is more affected by the tensile strength of concrete more 
than the ultimate load. Therefore, the reduction in the first crack load resulted from 
increasing the percentage of CR was more pronounced than the reduction in the ultimate 
load. Table 8-2 and Figure 8-4f show the first crack load and ultimate load for ECC joints 
with MK, SLF, and natural sand. The results in the figure and the table indicated that 
using MK or SLF as a partial replacement of FA in ECC joints generally increased the 
 226 
 
first crack load and ultimate load compared to reference joint (S5 and S6 compared to 
S1). For example, in comparison with reference joint (S1), using MK increased the first 
crack load and ultimate by 11.4% and 9.7%, respectively, while using SLF increased the 
first crack load and ultimate load by 7.9% and 6.6%, respectively. This behavior may be 
attributed to the higher pozzolanic reactivity and the filler effect of SLF and MK which 
helped to develop a denser concrete matrix and in turn enhance the ultimate load. The 
results also showed that using natural sand with larger aggregate size (compared to silica 
sand) slightly reduced the first crack load and ultimate load compared to the reference 
joint (S7 compared to S1). It should be noted that although NC joint has a comparable 
compressive strength with ECC reference joint, ECC joint showed a first crack load and 
ultimate load of 26.5% and 19.7%, respectively, higher than NC joint (S1 compared to 
S8). 
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Figure 8-3 (a) Definition of ductility; (b) Definition of brittleness index 
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Figure 8-4 Influence of CR %, SCMs Type, and aggregate type on ductility, 
brittleness, energy dissipation, first crack load, and ultimate load.  
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Figure 8-5 Load-deflection curve for reverse cyclic loading (hysteresis cycles) for 
tested joints 
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Conclusions and recommendations 
9.1 Conclusions 
The research conducted in this thesis included five consecutive experimental studies, 
which investigated the combined effect of CR with SFs/MFs on the development of new 
types of concrete with promising potentials for multiple structural applications. These 
studies aimed to promote the use of waste rubber in concrete industry, especially when 
different types of fibers are used. Different SCMs, aggregate sizes, MFs lengths and 
volumes, and SFs lengths, types, and volume were used to optimize the fresh and 
mechanical properties of the developed mixtures. The combined effect of the CR and 
SFs/MFs on the flexural and shear behavior of large-scale concrete beams was 
investigated in this thesis. Moreover, the cyclic performance of rubberized SCC/VC/ECC 
beam-column joints reinforced with different types, length, and volumes of fibers was 
also evaluated.  
The following conclusions can be drawn based on the analysis of the experimental results 
induced from the completed studies in this research work:  
9.1.1 Use of SFs/MFs to optimize the fresh properties, stability, and strength of 
SCRC mixtures with different binder content and SCMs (Experimental study 
1) 
• The use of SLF helped to develop successful SLFSCRC mixtures having acceptable 
SCC fresh properties, reduced self-weight, and enhanced compressive strength, STS, 
and FS. In this investigation, it was possible to develop SCRC mixture using SLF 
only with up to 25% CR. 
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• Increasing the percentage of CR in SLFSCRC mixtures showed a negative impact on 
the flowability, passing ability, stability, and HRWRA demand. In addition, the 
mechanical properties of SLFSCRC mixtures were negatively affected by the 
inclusion of CR, in which varying the percentage of CR from 0% to 20% decreased 
the compressive strength, STS, and FS by 58.2%, 41.1%, and 45.9%, respectively. 
• Increasing the binder content generally enhanced the flowability, passing ability, and 
stability of SLFSCRC mixtures. This enhancement helped to maximize the 
percentage of CR that could be used in SLFSCRC mixtures. It was possible to use up 
to 25% CR with 600 kg/m3 binder content mixture while only 20% and 5% CR was 
possible to be used with 550 kg/m3 and 500 kg/m3 binder contents mixtures, 
respectively. 
• Compared to FA and GGBS, the use of SLF and/or MK in SCRC mixture showed 
improve passing ability and stability but with reduced mixture flowability. In 
addition, the incorporation of either SLF or MK in SCRC greatly enhanced the 
compressive strength, STS, and FS compared to FA and GGBS. On the other hand, 
the use of SLF in SCRC showed more improvement in the flowability with less 
HRWRA demand compared to MK.  
• The addition of MK to SLFSCRC improved the mixture viscosity and particle 
suspension and helped to maximize the percentage of CR that could be used in 
SLFSCRC mixtures. The mechanical properties were also enhanced with the 
addition of MK to SLFSCRC. The compressive strength, STS, and FS increased by 
3.39%, 3.59%, 4.07%, respectively when MK was added to SLFSCRC mixture. 
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• Increasing the percentage of CR in SCRC mixtures with MK and FA appeared to 
have a negative impact on their flowability, passing ability, stability, and HRWRA 
demand, which in turn limited the safe percentage of CR that can be used to develop 
successful SCRC mixtures to a maximum of 30%.  
• Combining SFs and CR in SCC mixtures seemed to heighten the inter-particle 
friction and blockage, which reduced the fresh properties of the mixtures, especially 
the passing ability. Such negative impacts significantly limited the possible 
combination of high percentages of CR and larger volumes of fibers. With 550 kg/m3 
binder content it was possible to develop successful SCRC with SFs having up to 
20% CR and 0.2% SFs.  
• Using 19mm or 27mm SFs (SF19 or SF27) in SCRC mixtures restricted the 
maximum amounts of CR to 20%. Increasing the length of SFs to 38mm or 50mm 
further reduced the flowability, stability, and passing ability, which limited the safe 
amount of CR that can be used in FRSCRC mixtures to 15% and 10% for SF38 and 
SF50, respectively. 
• Increasing the percentage of CR in SCRC mixtures negatively affected the 
compressive strength, STS, FS, and ME. On the other hand, the results of impact 
resistance in both the drop-weight and flexural impact resistance tests greatly 
improved with higher percentages of CR.  
• In the drop-weight test (recommended by ACI-544), increasing the percentage of CR 
up to 30% in SCRC mixtures exhibited a continuous energy absorption enhancement 
that reached up to 91% compared to mixtures with no CR. On the other hand, beams 
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subjected to flexural impact loading showed the highest improvement in impact 
resistance at 25% CR, which reached up to 2.42 times compared to the results of 
mixtures with no CR. 
• Using SFs in SCRC mixtures showed an insignificant effect on the 7- and 28-day 
compressive strengths and ME, while the 7- and 28- day STS and FS were greatly 
enhanced. The highest improvements in the STS and FS were achieved when SF38 
was used. 
• Increasing the length of SFs from 19mm to 38mm did not significantly affect the 
compressive strength while the 28-day STS and FS were enhanced due to the 
improved bond between the fibers and mortar. However, when adequate fiber-mortar 
bonding is achieved, fibers with higher tensile strength (SF38 compared to SF50) 
exhibited better STS and FS. 
• Adding SFs to SCRC mixtures greatly improved the results of both the drop-weight 
impact resistance and flexural impact resistance tests. Using longer fibers also 
appeared to have a significant effect on improving the impact resistance, in which the 
use of SF38 increased N1 and N2 by an average of 36.2% and 44.4%, respectively, 
compared to mixtures with 19mm SFs. 
• Although the compressive strength of VRC was negatively affected by the inclusion 
of high percentages of CR and SFs, the STS, FS, and impact resistance of the 
mixtures appeared to remarkably improve. Using 1% SFs generally appeared to 
mostly compensate for the reduction in STS and FS that resulted from adding 30% 
CR. 
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• Using SF54 seemed to be the most effective type of SFs at improving STS, FS, and 
impact resistance. On the other hand, MFs appeared to be the most effective type of 
all fibers at improving the mechanical properties and impact resistance of concrete. 
However, SFs had an advantage over MFs by providing further reduction in the self-
weight of mixtures. 
9.1.2 Influence of SFs’ type, length, and volume on enhancing the structural 
performance of rubberized concrete (Experimental study 2) 
• Increasing the percentage of CR up to 15% slightly decreased the flexural 
stiffness, maximum crack width, first cracking moment, and bending moment 
capacity, while significantly increased the deformability, number of randomly 
distributed cracks, displacement ductility, and energy absorption. 
• Using MISFs in SCRC beams exhibited a slight enhancement in the deformability, 
flexural stiffness, displacement ductility, energy absorption, first cracking 
moment, and bending moment capacity. For example, adding MISF19 to the 
SCRC beam increased the ultimate deflection, ductility, energy absorption, first 
cracking moment, and bending moment capacity by 3.6%, 2.1%, 3.85%, 2.2%, 
and 1.8%, respectively, compared to its SCRC counterpart without fibers. 
• Unlike MISFs, using MASFs in SCRC beams showed a significant increase in the 
deformability, displacement ductility, energy absorption, first cracking moment, 
and bending moment capacity, in which the increases reached up to 7.8%, 6.3%, 
13.3%, 10.2%, and 4.2%, respectively compared to SCRC counterparts without 
fiber. 
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• The results of this investigation revealed that using SFs in SCRC beams generally 
increased the number of cracks and maximum crack width compared to their 
SCRC counterparts without fibers. Meanwhile, using MASFs showed a higher 
increase in the number of cracks and maximum crack width compared to using 
MISFs. 
• All design codes exhibited an overestimation of the 𝑴𝒄𝒓
𝒕𝒉𝒆𝒐 for SCRC, SFSCRC, 
VRC, and SFVRC beams. However, the inclusion of SFs in SCRC and VRC 
beams appeared to decrease the error in the prediction of 𝑴𝒄𝒓
𝒕𝒉𝒆𝒐 compared to 
beams with CR only. 
• Increasing the MASF length from 38mm to 50mm showed less improvement in 
the deformability, flexural stiffness, ductility, energy absorption, first cracking 
moment, and bending moment capacity of tested beams. However, using 
MASF54, which has longer fibers, appeared to yield better enhancement in the 
deformability, flexural stiffness, ductility, energy absorption, first cracking 
moment, and bending moment capacity compared to MASF50 (but still less than 
MASF38). This may be attributed to the higher tensile strength and rigidity of 
MASF54 compared to MASF50, which boosted the fiber role in transferring the 
stress across the cracked section, thus allowing the beam to sustain higher loads 
and experience larger deformations. 
• Despite the considerable reduction in the bending moment capacity when using 
high percentage of CR (30%), combining high percentage of MASF38 (1%) with 
high percentage of CR (30%) compensated for this reduction, achieving around 
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91% bending moment capacity compared to the control beam. This combination 
of high percentage of CR and SFs also helped to develop a semi-lightweight 
concrete mixture with a density of 2094kg/m3. 
9.1.3 Effect of SFs on shear capacity of reinforced rubberized concrete beams 
(Experimental study 3) 
• Compared to the control beam (beam with no CR), using 30% CR reduced the 
ultimate shear load, post-diagonal cracking resistance, energy absorption capacity, 
and cracking moment by up to 35.5%, 15.7%, 19.3%, and 44.1%, respectively, 
while the ultimate deformation capacity increased by 30%. 
• Beams with CR exhibited failure behavior similar to that of the control beam 
(beam with no CR), in which the failure occurred by the formation of a major 
single diagonal crack. However, the addition of CR appeared to change the 
cracking behavior of tested beams, which was characterized by a higher number 
of cracks with smaller widths compared to the control beam. 
• In both FRSCRC and FRVRC, the addition of SFs generally improved the shear 
and cracking behavior of the tested beams. For example, adding short 19mm SFs 
(MISF19) exhibited improvements in terms of ultimate shear load, post-diagonal 
cracking resistance, energy absorption capacity, cracking moment, and 
deformation capacity, which reached up to 5.8%, 4.3%, 19.6%, 3.3%, and 5%, 
respectively, at volume fraction of 0.2%, and reached up to 14.6%, 13.1%, 45.1%, 
8%, and 14.9%, respectively, at volume fraction of 1%. 
 238 
 
• Increasing the length of fibers led to further improvements in the shear 
performance of the tested beams. However, the ultimate shear load, post-diagonal 
cracking resistance, energy absorption capacity, cracking behavior, and 
deformation capacity of beams reached their maximum values when 38mm  fibers 
were used (MASF38), achieving increases of 70.9%, 41.3%, 125.6%, 15%, and 
26.9%, respectively, compared to beam with no fibers. Additional increases in 
length of the MASFs (MASF50 and MASF54) showed less improvement. 
• At a given fiber volume fraction, and by providing enough developmental length 
for the fiber to prevent pull-out failure, increasing the tensile strength and rigidity 
of SFs can be a key factor to improve the fibres’ contribution to shear strength, 
post-diagonal cracking resistance, energy absorption capacity, cracking behavior, 
and deformation capacity of reinforced concrete beams. 
• Adding MISFs and MASFs to rubberized concrete beams improved the cracking 
pattern at the failure stage, in which more flexural and flexural-shear cracks with 
narrower widths were developed prior to failure compared to beams with no 
fibers, especially when 1% volume fraction was used, which indicates the 
effectiveness of the fibres’ bridging mechanism. 
• Combining 30% CR with 1% MISFs and/or MASFs greatly contributed to the 
development of sustainable semi-lightweight concrete beams with promising 
structural capacity, especially in the case of MASF38 and MASF54. Using 1% of 
MASF38 or MASF54 completely compensated for the reduction in the shear 
strength of reinforced concrete beams due to the inclusion of 30% CR, while it 
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achieved much higher deformation capacity, post-diagonal cracking resistance, 
and energy absorption compared to the control beam. 
9.1.4 Cyclic loading of large-scale rubberized concrete beam-column joints 
with/without SFs (Experimental study 4) 
• Increasing the percentage of CR up to 15% in beam-column joints improved the 
deformability, ductility, energy dissipation, brittleness index, rate of stiffness 
degradation, and cracking behavior, while the initial stiffness, first crack load, and 
ultimate load decreased. 
• All tested beam-column joints showed a significant reduction in the load carrying 
capacity and reduced deformability when using high percentages of CR (up to 
25%) in the mixture. These decreases in the load carrying capacity and 
deformability negatively affected the ductility, brittleness index, and energy 
dissipation of the tested specimens. 
• The failure mode of the tested beam-column specimens was greatly affected by 
the percentage of CR in the mixture. Using more than 15% CR changed the failure 
mode of the tested specimens from B-mode to BJ-mode, which limited the 
deformation capacity due to the strength reduction resulting from panel joint 
cracking. 
• The first crack load of beam-column joints was significantly affected by 
increasing the percentage of CR compared to the ultimate load. Increasing the 
percentage of CR from 0% to 25% reduced the first crack load by 39% while the 
ultimate load was reduced by 19%. 
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• The results also revealed that for 2% flexural reinforcement and 0.6% shear 
reinforcement, the optimum percentage of CR to be used in beam-column joints is 
15%. Although using 15% CR appeared to slightly reduce the load carrying 
capacity (not more than 10%), the ductility, brittleness index, deformability, and 
energy dissipation were greatly enhanced. For example, increasing the CR 
percentage up to 15% resulted in an increase in ductility and energy dissipation 
reached up to 18.7% and 20.9%, respectively. 
• The results of this investigation revealed that for beam-column joints with 10mm 
coarse aggregate, the optimum percentage of CR to be used was 15%. Up to this 
limit, the load carrying capacity was slightly reduced, while the ductility, 
brittleness index, deformability, and energy dissipation were greatly enhanced. 
Similar behavior in terms of load carrying capacity, brittleness index, 
deformability, and energy dissipation was also noted in mixtures with 20mm 
coarse aggregate but with a 20% optimum percentage of CR. 
• At low percentage of CR (up to 15%), where all joints exhibited B-mode failure, 
smaller aggregate (10mm) joints showed slight improvements in the ultimate 
deflection, initial stiffness, ductility, energy dissipation, first crack load, and load 
carrying capacity compared with the larger aggregate (20mm) joints. However, at 
higher percentage of CR (20%), the increased shear strength resulting from the 
improved aggregate interlock of the larger aggregate size helped to change the 
failure mode from BJ-mode (in 10mm coarse aggregate joints) to B-mode (in 
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20mm coarse aggregate joints). This contributed to enhancing the overall beam-
column joint behavior. 
• Adding MFs to SCRC and VRC beam-column joints helped to improve the 
deformability, ductility, energy dissipation, initial stiffness, cracking behavior, 
first crack load, and load carrying capacity. For example, adding 0.35% MFs 
(35mm) to SCRC mixture with 15% CR increased the initial stiffness, first crack 
load, load carrying capacity, ductility, and energy dissipation by 11.1%, 42.2%, 
15.6%, 22.4%, and 50.5%, respectively, compared with joint without MFs. 
• VRC mixtures with MFs showed insignificant difference in results compared with 
their SCRC counterparts. Furthermore, joints with longer MFs (60mm) showed a 
slight reduction in the load carrying capacity, deformability, ductility, and energy 
dissipation compared with joints with shorter MFs (35mm). 
• It was not possible to develop SCC mixtures with high percentage of CR and high 
percentage of MFs due to the significant reduction in the fresh properties of the 
mixture. However, combining 1% MFs with 25% CR in VRC mixture enhanced 
the overall behavior of beam-column joints and changed the failure mode from 
BJ-mode to B-mode. This enhancement helped to compensate for the reduction in 
the load carrying capacity that occurred in joint with high percentage of CR and 
no MFs. 
• The results of this investigation revealed that using MISFs in SCRC beam-column 
joints showed a slight enhancement in the deformability, ductility, energy 
dissipation, initial stiffness, cracking behavior, first crack load, and load carrying 
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capacity. For example, adding 0.2% MISF27 (27mm) to SCRC mixture with 15% 
CR increased the initial stiffness, first crack load, load carrying capacity, ductility, 
and energy dissipation by 4.6%, 13.6%, 3.1%, 7.8%, and 8.8%, respectively, 
compared to joint without MISFs. 
• Unlike MISFs, using MASFs in SCRC joints exhibited a significant improvement 
in the structural behavior of beam-column joints under cyclic load. For instance, 
in the joint with MASF38 (38mm) the improvement reached up to 9.3%, 38%, 
10.5%, 20.8%, and 36.8% in the initial stiffness, first crack load, load carrying 
capacity, ductility, and energy absorption, respectively, compared to joints 
without MASFs. 
• By comparing all types/lengths of SFs used in this study, it can be revealed that 
the highest improvements in the performance of cyclic behavior of beam-column 
joints in terms of first crack load, load carrying capacity, initial stiffness, ductility, 
cracking behavior, and energy dissipation was noticed when MASF38 was used. 
• Increasing the fiber length resulted in less improvement in the structural 
performance of beam-column joints including initial stiffness, first crack load, 
cracking behavior, load carrying capacity, ductility, brittleness index, and energy 
dissipation. This can be attributed to the fact that for a similar percentage of fibers 
in the mixture, using shorter fibers increases the probability that a single fiber will 
be oriented perpendicularly to the crack width, thus achieving higher load carrying 
capacity. 
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• Comparing MISF27 to MISF19, which both failed under fiber pullout failure, it 
can be seen that using rough texture fibers (MISF27) helped to enhance the 
bonding between fibers and concrete matrix, improving the structural performance 
of beam-column joints. Meanwhile, comparing MASF54 to MASF50, which both 
failed under fiber tension failure, we can see that increasing the tensile strength of 
the fiber contributed to boosting the effect of fibers in transferring the stresses 
across the cracked section, which in turn enhanced the structural performance of 
the joint. 
• Using high percentage of SFs (1%) in mixture with high percentage of CR (25%) 
contributed to compensate for the reduction in the load carrying capacity that 
resulted from using high percentage of CR and helped to enhance the overall 
behavior of beam-column joints under cyclic loading. This enhancement allowed 
to develop joint with significant improvements in ductility, cracking behavior, 
brittleness index, first crack load, and energy dissipation. 
9.1.5 Structural behavior of rubberized ECC beam-column joints under cyclic 
loading (Experimental study 5) 
• Partial replacement of silica sand with up to 15 % CR in ECC showed a 
significant reduction in the compressive strength and STS reached up to 28.2% 
and 12.5%, respectively, compared to reference mixture without CR. Meanwhile, 
the full replacement of silica sand with natural sand exhibited an insignificant 
effect on the compressive strength and STS of ECC joints. 
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• Using MK or SLF as a partial replacement of FA in ECC joints appeared to 
significantly increase the mechanical properties of ECC joints. For example, using 
10% SLF as a partial replacement of FA increased the compressive strength and 
STS by 11.8% and 4.7%, respectively, while these increases reached up to 29.2% 
and 12.5% (compared to reference joint, S1) when 20% MK was used. 
• Increasing the percentage of CR from 0% to 15% considerably increased the 
ultimate deflection, deflection at ultimate load, ductility, and energy dissipation by 
44.7%, 12.6%, 18.3%, and 23.2%, respectively, while the initial stiffness, first 
crack load, and ultimate load decreased by 21.1%, 25.9%, and 11.8%, 
respectively. 
• Using MK or SLF as a partial replacement of FA in ECC beam-column joints 
slightly reduced the deformability, ductility, and energy dissipation while the first 
crack load, initial stiffness, and ultimate load significantly improved. 
• Although using natural sand (locally available aggregate) showed comparable 
compressive strength and STS to ECC made with silica sand, ECC beam-column 
joint made with natural sand yielded lower ultimate deflection, initial stiffness, 
ductility, energy dissipation, first crack load, and ultimate load by 7.3%, 15.9%, 
11.5%, 11.1%, 8.3%, and 7.2%, respectively, compared to that made with 
standard ECC joint (S1). 
• Increasing the percentage of CR (as a partial replacement of silica sand) generally 
increased the number of cracks but with lower cracks widths. On the other hand, 
the full replacement of silica sand with natural sand exhibited significant lower 
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number of cracks and slightly higher cracks widths. Compared to standard ECC 
joint, joints with MK or SLF showed a lower number of cracks and finer crack 
widths. 
• Although NC joint has a comparable strength with reference ECC joint (S1), ECC 
joint showed a significant enhancement in the structural performance under cyclic 
loads compared to NC joint. This improvement reached up to 53.8%, 43.5%, 
56.1%, 26.5%, and 19.7% in the ductility, brittleness index, energy dissipation, 
first crack load, and ultimate load, respectively. However, NC joint exhibited an 
adequate ductility for structural members in areas of seismic activities. 
9.2 Research contribution 
The main contributions of this research can be concluded as follows: 
• Combining the beneficial effects of using waste CR with the desired properties 
of different types of fibers to develop a number of successful SCRC, FRSCRC 
mixtures with promising potential usage in structural applications that require 
high-impact resistance, ductility, and energy dissipation. 
• Using SFs with low-density in addition to low-density CR contributed to 
develop semi-light weight concrete that can helps to achieve more economical 
design of building. 
• Utilizing different SCMs, and different fibers types (MFs/SFs) in rubberized 
concrete mixtures helped to alleviate the reduction in the mechanical 
properties that resulted from using high percentage of CR, allowing to 
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maximize the beneficial effect of using CR with a minimum reduction in the 
mechanical properties.   
• Alleviating the lack of sufficient data regarding the combined effect of CR and 
SFs on the flexural and shear behavior of concrete beams including cracking 
behavior, ductility, energy absorption, and stiffness. 
• Determining the optimum percentage of CR that can be used to enhance the 
cyclic behavior of beam-column joints including the ductility, brittleness 
index, energy dissipation, cracking behavior, failure mode, and strength 
degradation with a minimum reduction in the load carrying capacity. 
• Using SFs/MFs to alleviate the reduction in the load carrying capacity of the 
beam-column joint that resulted from using high percentage of CR. In addition 
to further enhancing the structural behavior of beam-column joints under 
cyclic loading.  
• The results of cyclic load testing can also provide a novel database that may 
help to validate and/or calibrate further analytical and numerical studies (for 
future studies). 
 
9.3 Recommendations for future research  
• Further investigations are needed to evaluate the durability of rubberized concrete 
mixtures and SFs rubberized concrete mixtures against abrasion, salt scaling 
resistance, chloride diffusion, and sulfate attacks. 
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• Studying the influence of CR with/without SFs on creep and shrinkage of SCC 
and VC. 
• Evaluating the effect of fire on the mechanical properties and structural 
performance of SCRC, SFSCRC, VRC, and SFVRC.  
• Evaluating the effect of changing in the beam’ size, longitudinal reinforcement 
ratio, and shear span-to-effective depth ratio on the shear and flexural 
performance of large-scale reinforced rubberized concrete beams. 
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